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SUMMARY
The Indentation behaviour and erosion properties of two commercially available ceramic 
materials, a silicon carbide (Hexoioy SA) and silicon carbide - titanium diborlde composite 
(Hexoloy ST) have been Investigated over a range of experimental conditions.
The microstructure of both materials has been examined using reflected light and scanning 
electron microscopy. Hexoloy SA is a single phase material with a grain size typically 
ranging from 4 to 8 ^m, while Hexoloy ST is a two phase particulate composite, containing 
about 16 vol% of discrete titanium diborlde particles In a silicon carbide matrix, with a more 
uniform grain size. The materials have both been shown to have weak grain boundaries. 
The silicon carbide - titanium diborlde Interface is weak and liws Is believed to be due to 
tensile residual stresses arising from the mismatch In coefficients of thermal expansion of 
the two phases.
Vickers Indentation testing Indicated that both materials have similar hardness values, but 
that the composite was significantly tougher than the monolithic material. Sub-surface crack 
profiles have been examined with a particular regard to radial and lateral cracking. It was 
found that the scale of lateral cracking was not directly proportional to the length of radial 
cracks In these materials. Indeed, lateral cracks were not seen when the radlal/medlan 
system was fully formed, but only when It was partially formed. This is an Important 
observation since one of the fundamental assumptions of two models of erosion Is that 
radial and lateral lengthamdlrectly proportional. Another important finding of the Indentation 
study was that lateral cracking occurred to a greater extent in the composite than In the 
monolithic materials at low loads, indicating that wear of the composite may be relatively 
more extensive for the smaller erodent sizes.
Erosion testing has been performed using a gas blast apparatus. Different sizes of silica 
and silicon carbide erodent have been used for tests from room temperature to 1000°C. 
With the silica erodent, material loss progressed by small scale cracking. The mechanisms 
of material removal Involved grain boundary cracking In the monolithic material and grain 
boundary cracking and cracking along the particulate-matrix interface in the composite. For 
the silicon carbide erodent, lateral cracking has been shown to be the dominant mechanism 
of material removal. In the monolithic SIC the lateral cracking scales with erodent size, while 
in the composite the TiBg particles Inhibit growth of the laterals generated by the largest 
erodent, but proved to be detrimental when using the smallest erodent. This observation 
was consistent with the observations from quasl-static indentation.
The presence of an easily removed oxide on the surface of the TiBg particles has led to an 
increase In the erosion rate of the composite at temperatures greater than 800 °C for the 
silica erodent. At lower temperatures both materials behaved similarly. When using the 
silicon carbide erodent, increasing the temperature resulted In an Increase In the erosion 
rate for both materials although at the lower temperatures, the composite was more erosion 
resistant than the monolithic material. As the temperature increased, the erosion rates 
converged, suggesting that the toughening mechanisms of the composite were decreasing 
In effectiveness.
Thus, It has been shown that the presence of TIBg particles can lead to increased or 
decreased erosion resistance relative to the monolithic material, depending on the precise 
erosion conditions. In general, the composite has the lower wear rate at lower temperatures 
and larger erodent sizes. Also, It has been shown that cracking due to quasl-static 
indentation using a sharp Indenter Is consistent with the damage produced by hard, sharp 
erodent particles at room temperature.
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NOTATION
a - Half of the Vickers indentation diagonal,
a  ^ - Radius of contact zone.
- Area bounded by circular crack.
Agb - Area of grain boundary cracking.
B - Indication of magnitude of expanding cavity.
c - Radial crack length.
c* - Initial length of radial crack.
c^ - Characteristic dimension of Hertzian cone crack.
c, - Lateral crack length.
d - Length of Indentation diagonal.
dg - Diameter of cell structure in erosion wear scar using soft erodent.
dg - Average grain diameter.
d,^  - Long diagonal of Knoop indenter.
dp - Diameter of erosion wear pit.
dgt - Standard indentation diagonal length.
D - Erodent particle diameter.
Dq - Threshold erodent particle diameter.
E - Young’s modulus.
E^ - Young’s modulus of matrix.
Ep - Young’s modulus of particle.
f - Material dependent constant,
he - Halfpenny crack system.
h| - Depth of formation of lateral crack,
hp - Particle penetration depth,
hpit - Depth of pit.
H - Hardness.
Hp - Hardness of particle.
Hgt “ Standard hardness at an arbitrary indentation load.
H^  - Hardness of target material,
k - Function of the elastic constants (Hertzian analysis),
k^  - Dimensionless constant (Equation 4.1).
kg - Dimensionless constant (Equation 4.4)
kg - Dimensionless constant (Equation 4.5)
- indentation fracture toughness.
Kgt - Fracture toughness of target.
Kgp " Fracture toughness of particle.
I - Palmqvist crack length.
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le - Lateral crack.
me - Median crack.
m cu - Mass of copper wire.
- Mass of specimen.
*^s(w) - Mass of specimen weighed in water.
- Mass of erodent particle.
n - ISE index.
"g - Number of grains.pc - Palmqvist radial crack.
P - Contact force.
Pc - Critical load at which ring crack is initiated.
Pm - Maximum load during contact.
p * " Critical load at which radial crack is initiated.
P^ m - Maximum contact pressure.
r. 0,(|) Spherical coordinates.
R - Base radius of a cone crack
Pc - Critical indenter radius above which purely elastic deformation occurs.
Pc - Radius of the surface ring crack.
"p - Erodent particle radius.
Rp. - Radius of TiBg particle.
Rs - Radius of indenting sphere.
AT - Temperature difference.
V - Erodent particle velocity.
Vo - Threshold erodent particle velocity.
Uk - Kinetic energy of erodent particle.
V - Volume of material removed per impact.
Vp - Average grain volume.
AV - Volume displaced during indentation.
w - Erosion rate in mass lost from target per unit mass of erodent.
a Coefficient of thermal expansion.
“ m Coefficient of thermal expansion of matrix.
“ P - Coefficient of thermal expansion of particle.
P Non-dimensional constant.
Y Grain boundary fracture energy.
r Fracture surface energy.
°(r.9,<l>) “ Stress in spherical coordinate system (r, 0, (J)).
Hoop stress.
Om Maximum stress.
VIII
p Density.
Pp " Density of erodent particle.
Pt Density of target.
Pw Density of water.
X Shear stress.
t Erodent impact angle.
V Poisson’s ratio.
Poisson’s ratio of the matrix.
^  - Poisson’s ratio of the particle.
X Characteristic angle for cone cracking.
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1. INTRODUCTION
1.1 BACKGROUND TO THE PROJECT
Ceramics find widespread usage in applications where their superior hardness, 
stiffness, wear resistance and chemical inertness can be exploited. Actual and 
potential applications include heat exchanger components in fluidised beds, engine 
parts, tool tips, wear parts, artificial joints, seals and dies.
However monolithic ceramics are inherently brittle. Ceramic matrix composites 
have been produced in an attempt to overcome this limitation (Davidge, 1979). The 
addition of a second phase can improve the fracture toughness significantly, while 
maintaining, and sometimes enhancing, the original properties of the ceramic. Whilst 
not offering the highest toughening increment, a particulate ceramic second phase is 
often desirable since isotropic properties can be maintained, and no major change in 
fabrication techniques is required.
The high wear resistance of ceramic materials is well documented, although 
ceramic matrix composites have not been investigated extensively. This study is 
concerned with the erosion behaviour of two ceramic materials, a silicon carbide and 
a silicon carbide containing titanium diboride particles. The proposed use of these 
materials is in heat exchangers where resistance to erosion at elevated temperature 
is required. For the purpose of this project, erosion is classified as the loss of material 
by the action of impinging gas-borne particles.
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The erosion process is very complex since it involves many parameters. 
Models exist for predicting erosion rates; however these models are poor at predicting 
monolithic behaviour. They are expected to be inapplicable to composite materials, 
due to the assumptions on which they are based.
The major aim of this project Is to understand the effect that TiBg particles have 
on the erosion resistance of siiicon carbide over a range of conditions, including 
erodent nature (silica and silicon carbide), erodent size and test temperature. A 
subsidiary task is the evaluation of the use of quasi-static indentation as a predictive 
tool in the erosive wear of these materials.
1.2 THESIS OUTLINE
Following this introduction, Chapter 2 presents an overview of the literature 
associated with indentation and erosion of brittle materials. This chapter presents the 
literature relevant to the project as a whole; other areas of literature are covered in 
the chapters in which the topics to which they relate are introduced.
In Chapter 3 the microstructure of the materials has been characterised using 
various forms of microscopy. The effect of the TiBg particles on the silicon carbide 
grain size and shape, and the internal stress state of the composite have been 
investigated. In Chapter 4 the response of the materials to quasi-static indentation 
using a Vickers Indenter has been characterised for a range of loads. Hardness, 
fracture toughness and the profiles of cracks have been Investigated. Particular 
attention has been paid to the investigation of lateral cracking in these materials, since 
it is believed that they underlie the mechanisms of material removal in the erosion 
process. Chapter 5 addresses the erosion behaviour of the materials using a 'sand 
blast’ type rig. The effects of various sizes of different erodents (silica and silicon
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carbide) and temperature (up to 1000 ®C) have been monitored. Material removal 
mechanisms have been investigated primarily using scanning electron microscopy and 
the results have been correlated with the work on the microstructure and indentation 
behaviour.
The conclusions of the work are presented in Chapter 6, while suggestions for 
future work are presented In Chapter 7.
2. A REVIEW OF THE LITERATURE 
RELATING TO EROSIVE WEAR
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2. A REVIEW OF THE LITERATURE RELATING TO EROSIVE 
WEAR
2.1 INTRODUCTION
The loss of material due to the action of impinging particles is classified as 
erosion. In ceramics this process usually involves the production of small scale 
fractures in the near surface region of the target. The process of erosion is complex 
and involves many parameters. Particle parameters which may be important include 
size, shape, density, hardness, elastic modulus, fracture toughness, flux and velocity. 
Target parameters Include hardness, fracture toughness, elastic modulus and 
microstructure. The angle of Impingement, the test temperature and the environment 
are also variables which affect the erosion rate.
The modelling of this process is very complex due to the presence of this 
number of different parameters (Evans, 1979a and Ruff and Wiederhorn, 1979). The 
nature of the contact process is of paramount importance in the understanding of the 
mechanisms of material removal. Initially In this chapter the types of quasi-static 
contact conditions are reviewed and their subsequent use in the current models of 
erosion is considered. Next, the effect of different experimental parameters on erosion 
rates and mechanisms of material removal are Introduced. Finally, a summary of the 
pertinent factors which are likely to be important in this particular study is presented.
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2.2 QUASl-STATSC CONTACT CONDITIONS
2.2.1 ELASTIC/ELASTIC CONTACT CONDITIONS
Elastic/elastic contact implies that no permanent (plastic) deformation occurs 
as a result of the contact. This type of contact is experienced when a ’blunt’ indenter 
is used to exert a reversible stress on a non-ductile material. Hertz (1881) studied the 
situation of elastic contact between two bodies. In particular he examined the effect 
of spherical indenters, and their associated stress fields, on glass. The maximum 
tensile stress, o^ , is in the surface of the indented material at the boundary of the 
contact zone; it acts in a radial direction and has magnitude:
{2.1}^ %at,
where P is the contact force, a,^  is the radius of the contact zone and v is the 
Poisson’s ratio of the target material. The contact radius is given by:
^ 3 ^ 4 k P f l ,  { 2 .2 }
3E
where Rg is the radius of the indenter, E is the Young’s modulus of the target material 
and k is a function of the elastic constants of the specimen and indenter, such that 
k -  9/16 [ (1-1)^ ) + (1-v’ )^ E/E’ ]. V and E’ are the Poisson’s ratio and Young’s 
modulus of the indenter.
Hertz noticed that circular cracks or ’ring cracks’ arose at the edge of the 
indented region, followed by conical propagation of the crack into the material.
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Increased loading generated second, third, and additional similar cracks. These 
characteristic cracks have subsequently been called Hertzian cone cracks. The stable 
cone crack grows at a characteristic angle, %, (typically 68° for glass) to the loading 
axis, see Figure 2.1 (Lawn and Marshall, 1978).
Auerbach (1891 ) established an empirical linear relationship between the radius 
of the indenting sphere (R^ ) and the critical load at which the ring crack is initiated (Pg) 
i.e. Pg « Rg. Later, Roesler (1956a) reviewed cone crack formation. He assimilated all 
results pertaining to the quasi-static and impact loading of glass surfaces by spherical 
indenters. He showed that all the relationships involved were manifestations of 
Auerbach’s law, derivable from Hertzian solutions. Motivated by the experiments of 
Til let (1956), Roesier (1956b) showed that the cone cracks approached a stable 
equilibrium value at long times, such that:
{2.3}
where c  ^ is a characteristic dimension of the Hertzian cone crack.
Argon et al (1960) showed that the surface state of the test material was of 
paramount importance to the formation of cone cracks, and that the environment was 
of importance also.
Deformation under blunt indenters is not always purely elastic. Hertz (1881 ) 
predicted a critical indenter radius above which purely elastic deformation occurs, and 
below which plastic deformation was possible i.e. when Rg > Rg then elastic 
deformation occurs and when Rg < Rg plastic deformation may occur. More recently 
it has been established that a critical load relationship is also relevant, (Swain and
6
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Lawn, 1969). These authors noted that dislocation rosettes could be generated 
around Hertzian contacts in Li F at higher loads. Swain and Hagan (1976) deduced 
that plastic deformation had occurred if, during the spherical contact of glasses, radial 
cracks formed during the unloading cycle, and lateral cracks formed just before 
complete unloading. Evans and Wilshaw (1977) noted radial and lateral cracks, as 
well as ring crack nuclei under spherical impacts in ZnF. Therefore there must be a 
transition from elastic/elastic to elastic/plastic. This depends on the indenter size and 
the applied load. The formation of cone cracks is well documented and theoretically 
well understood. The situation is simplified since it includes only elastic terms. When 
plastic deformation occurs at the contact site, due to large loads or small contact 
areas the analysis is more complicated. Such elastic/plastic contacts are more typical 
of sharp particles. Hertzian cone cracking has been used as the basis for the model 
of erosion due to Sheldon and Finnie (1966) (see section 2.3.1).
2.2.2 ELASTIC/PLASTIC CONTACT CONDITIONS
Sharp indenters leave permanent impressions and, above a critical load, cause 
cracking. Therefore, although ceramics are brittle, plastic deformation does occur 
during indentation. A plastic zone forms beneath the indenter due to hydrostatic 
compression and localised shear stresses. The presence of this plastic zone in 
ceramics is a contentious issue since the von Mises criterion of five independent slip 
systems is rarely satisfied. The mechanisms responsible for the formation of the 
plastic zone are not fully understood, but factors such as dislocation slip (MgO, 
AlgOg, SiC), grain boundary cracks due to slipping processes (ZnS), localised shear 
bands (soda-lime glass, KCI, LiF) and void compaction (in all materials not 100% 
dense) could all occur (Marshall, 1983). The cracks associated with indentation of 
ceramics are present due to the limited extent to which these mechanisms can occur 
in these materials.
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Much of the published data and recognised work on indentation cracks has 
been performed using Vickers indenters on soda-lime glass. This material was 
thought to be a model material; however, it is now thought that it exhibits anomalous 
behaviour. There is substantial controversy over the sequence of formation of cracks 
associated with this type of indentafeoain other materials since in non-transparent 
systems it is virtually impossible to investigate sub-surface crack formation without 
removing the load.
The major systems are discussed below. For more detail the reader should 
consult the excellent review of indentation induced cracks provided by Cook and 
Pharr (1990).
Median cracks may be generated beneath the plastic deformation zone formed 
due to elastic-plastic contact. They propagate parallel to the axis of loading, on the 
axes of symmetry and take the form of full circles or circular segments truncated by 
the deformation zone boundary or material surface (me in Figure 2.2).
Radial cracks may be generated parallel to the load axis, emanating from the 
edge of the plastic contact impression (usually at the indentation corner), and 
remaining close to the surface. The length of this type of crack is used in the
calculation of indentation fracture toughness. It is well documented that there are two
sKownmain radial crack systems. The Palmqvist type of radial crack, pc, i^schematically in 
Figure 2.2. These cracks grow only to a maximum depth of the order of the 
indentation. This type of crack is named after its discoverer who, in 1957, noted the 
surface traces of cracks radiating from the corners of Vickers, Knoop and spherical 
remnant contact impressions on WC-Co surfaces. This type of cracking is 
characteristic of materials which have a high toughness, and/or low indentation forces. 
Generally, though not always, this type of crack can be recognised on observation of
8
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the surface traces using the following guidelines:-
0.25 < I/a < 2.5
P œ I
where P is the indenter force, a Is half the indentation diagonal, and c and I are the 
radial and Palmqvist crack lengths respectively, (see Figure 2.2).
The halfpenny system, he in Figure 2.2, is believed to be a composite system of a 
radial crack and a median crack. It is not clear, however. If the halfpenny shape is 
formed as a result of median growth toward the surface, radial propagation downward, 
if the two sets of cracks coalesce, or even if the median crack exists (see Chapter 4). 
In general this system can be recognised using the following relationships:-
P a
c/a > 2
The c/a value at which this type of crack system occurs depends on the material, e.g. 
for AlgOg the halfpenny system is present if c/a ^ 2,: whereas for ZrOg + YgOg this 
system exists when c/a  ^3, (Jones ef al, 1987).
Lateral cracks, Ic in Figure 2.2, are generated beneath the deformation zone, 
running parallel, or nearly so, to the surface and are circular in form. This type of 
crack has been rarely studied in its own right. Laterals have been observed to form 
on unloading by Lawn and Swain (1975) in soda-lime glass, Arora et al (1979) in 
"normal" (non-densifying) glasses, and Ogiivy etal (1977) in WC-Co. However Evans 
and Wilshaw (1976) have observed their formation on loading of crystalline materials,
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while Arora et al (1979) have recorded similar events in "anomalous" (densifying) 
glasses.
Also, there are two other crack types, which although not studied extensively, 
do occur frequently. Secondary radial cracks emanate from any edge of the 
indentation and propagate into the surrounding material at an angle to the load axis, 
remaining close to the surface (Figure 2.3a). Shallow laterals are generated at the 
edge of the contact impression and propagate into the material almost parallel to the 
surface (Figure 2.3b). This type of crack often produces a chip of material. 
Lankford (1977) showed that lateral chipping in polycrystalline alumina was not 
nucleated below the plastic zone under the indentation, but began at the edge of the 
impression. Cook and Pharr (1990) were the first researchers to identify this as a 
specific type of crack, calling it the shallow lateral. They were the first group to link 
their formation with that of radial cracks, especially of the secondary radial type. This 
type of crack would appear to be the most likely to cause loss of material during the 
erosion process.
Lawn and Wilshaw (1975) have presented a summary of experimental results 
and gave a generalised picture of the systematic growth of the typical cracks which 
occur during indentation (using soda-lime glass). For many years this has been the 
recognised sequence of cracking events. The sequence was as follows:-
(i) The sharp point of the indenter produces an inelastic deformation zone;
(ii) Two orthogonal median, often called "penny", cracks form at one or more flaws 
at a certain threshold load on the planes of symmetry containing the contact 
axis, at positions below the plastic zone. At the same time, surface localised 
radial cracks form.
1 0
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(iii) Stable growth, both downward and outward, of both cracks occurs; radial 
cracks stop growing at their equilibrium length.
(iv) On unloading the median crack begins to close due to elastic springback 
processes. Lateral cracks begin to develop and grow out sideways.
(v) Upon complete removal of the load the lateral cracks continue to grow to their 
equilibrium length, or until they intersect with the specimen surface resulting 
in chipping of the material.
Many authors have attempted to predict the sequence of cracking from a 
theoretical basis (e.g. Lawn and Swain, 1975, Lawn and Fuller, 1975, Lawn and Evans, 
1977, Lawn, Evans and Marshall, 1980, Hagan, 1979). These authors based their 
models on the fact that median cracks driven by the elastic stress field of the indenter, 
were the first cracks to form. However, Lankford and Davidson (1979a and b) and 
Lankford (1981 ) showed experimental evidence of radial cracks being the first to form.
The stress field around an indentation has been modelled by consideration of 
the stresses around a point load on an elastic half-space, called the Boussinesq field. 
However it was recognised that the presence of the inherent plastic deformation in the 
indentation process alters significantly the elastic stress fieid. The presence of this 
plastic deformation zone has been quantified using the model of an expanding cavity 
derived by Hill (1950). However the Hill solution was formulated for an infinite solid. 
Therefore to adapt it to cover the indentation process it is necessary to account for 
the free surface. The two most commonly used models for predicting crack 
development during the indentation process are due to Chiang, Marshall and Evans 
(CME, 1982a and b) and Yoffe (1982). The so-called CME analysis uses a procedure 
developed by Mlndlin (1936) to take account of the free surface boundary condition 
for an expanding hemisphericai cavity embedded in the surface. An important feature 
of the CME analysis is that it contains a dependence on the material parameter E/H.
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The main predictions of the CME analysis are as follows
(I) Radial cracks are separate entities to median cracks and can form on
unloading, as well as on loading.
(ii) The driving force for radial crack formation is greater than for median crack 
formation.
(iii) Shallow laterals are more likely to form than deep laterals, and can grow both 
on loading and unloading.
(iv) Radial cracks can grow along lateral crack paths once they have grown to the 
appropriate depth. The net effect is the production of "scallop-shell" laterals.
While the CME analysis provides very useful qualitative predictions of crack 
development, the results can only be obtained after considerable numerical analysis. 
The model due to Yoffe (1982) provides a simpler means of prediction, though it does 
have many similarities to the CME method. To account for the problem of the free 
surface Yoffe considered a point centre of expansion in an infinite elastic medium as 
approximating to the elastic stresses produced by an expanding cavity. The 
indentation situation was then described by combining the field accounting for the free 
surface with the standard Boussinesq field. The resulting stress components, 
obtained in relation to the coordinate system shown in Figure 2.4, were as follows:
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a„ ^(1-7cOS6)+4(19COS®0-7) {2.4}
^2.6}
^  A s|L£ii5e+45sin0cose {2.7}1+COS0 /'®
{2.8}
where B is an indication of the magnitude of the expansion of the cavity. Poisson’s 
ratio, u, has been taken to be 0.25. The first term represents the Boussinesq field and 
the second the centre of expansion. These equations can be used to take account 
of the indentation process by relating B to relevant parameters. The B term is related 
to the volume displaced through any hemisphere centred on the centre of expansion 
by the following relationship:
{2.9}
This displaced volume is equal to the volume of the indentation contact impression 
(Lawn et al, 1980, Marshall, 1983 and 1984). For a Vickers indenter this is dependent 
on the load and hardness and is given by:
13
Chapter 2: A Review of the Literature Relating to Erosive Wear
{2.10}
where f is a material dependent constant which varies from 0 to 1 according to the 
level of densification in the deformation zone i.e. 0 for accommodation of contact 
impression entirely by densification and 1 when no densification occurs.
B is related to material parameters by combining equations {2.9} and {2.10},
and is given by:
e=0.026ffii[f}'H)®® {2-11}
Since different crack systems are driven by different components of the stress field it 
is possible to describe them in terms of the stress coordinate system such that:
For surface initiated ring cracks
{2.12}
For surface initiated radial cracks
{2.13}
For sub-surface median cracks
0^ ®'"^ /’®=a00(0=Q) {2.14}
For sub-surface lateral cracks
G^'^=G^0=O) {2.15}
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The elastic stresses are larger for small values of r, and therefore the cracks start just 
outside the plastic zone. However the position of the highest tensile stress is 
dependent on the value of B. The value of B is not only a function of the densification 
of the material, as mentioned previously, but also is directly related to the geometry 
of the indenter.
For the indentation of a porous material by a flat punch indenter then B = 0 
then the equations{2.4 to 2.7} revert to the conditions where the Boussinesq field is 
prevalent. The highest tensile stress in the elastic region is snd is on the surface 
at r = a. The equations also show a tensile stress at r = a on the
z axis, but this stress is only half the magnitude of 0^^. Therefore ring cracks form. If 
one now considers the indentation of a material of greater density with a more pointed 
indenter then B will now have a small positive value. The surface stress term is 
diminished by 7B/r® while the term decreases by only B/r®. For this scenario 
median cracks are predicted to occur. In a similar way for larger values of B, surface 
radial cracks are predicted when a sharp indenter is used with a material in which little 
compaction occurs. On unloading lateral cracks are predicted to occur below the 
indentation parallel to the surface when the stress = 12B/r®.
As stated previously, the vast majority of experiments for investigating 
indentation cracks have been performed using soda-lime glass. There is very little 
direct evidence to suggest that the cracking sequences seen in this material do occur 
In other materials. This anomaly can be explained by recourse to these models since 
the formation of the cracks is strongly influenced by the material parameter f E/H, and 
soda-lime glass does not have a typical f E/H value (it is quite low compared with 
other brittle materials). Experience has shown that the only way of knowing which 
cracks form, and the sequence of formation for a specific material is by direct 
examination of that material.
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2.3 MODELS OF EROSION
2.3.1 INTRODUCTION
Four major models have been developed to predict the erosion of brittle 
materials. The basic form of each model assumes that particle impact is normal to the 
target surface. Also, it is assumed that erosion is the result of non-interacting, single 
particle impacts. The models differ in their consideration of the contact process and 
the resultant crack system formed. Each of the models will be discussed in the 
following sections.
2.3.2 ELASTIC/ELASTIC CONTACT
Sheldon and Finnie (1966), looking initially at glass impacted by steel balls, 
devised a model assuming that Hertzian contact stresses occurred during impact. 
These stresses cause cracks to grow from pre-existing flaws in the target surface. The 
first characteristic Hertzian crack to form is circular and forms just outside the area of 
contact. If loading is continued then a cone shaped crack can grow in the sub­
surface, (see Figure 2.1). The load at which crack propagation occurs is related to 
the distribution of surface flaws through Weibull statistics. The approximate area, A ,^ 
of material bounded by the circular crack, which is dependent on the size of the 
contact, is calculated for a particle penetration depth, hp, and the volume removed per 
impact is set to be proportional to A^ h^p. The maximum depth of penetration has been 
predicted using the approach of Timoshenko and Goodier (1951). In the final 
equation, the erosion rate W (mass lost from the target per unit mass of erodent) is 
expressed as a function of the particle size, Rp, and the particle velocity, v.
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W<^RpV  ^ {2.16}
where the exponents a and b are dependent on the shape of the particle. Sheldon 
and Finnie (1966) compared the experimentally determined exponents s and t with 
theoretically predicted exponents and obtained satisfactory agreement for several 
brittle materials (glass, MgO, AlgOg, graphite). Table 2.1, taken from Ruff and 
Wiederhorn, (1979) shows typical values for the exponents and compares them to 
other models and experimental results.
This model has not been used widely since elastic/plastic mechanisms have 
been assumed to be the dominating erosion mechanisms in nearly all cases, 
irrespective of erodent particle/target material combination.
2.3.3 ELASTIC/PLASTIC CONTACT
2.3.3.1 Introduction
Models based on the assumption of elastic/plastic contact conditions have 
become the acknowledged models of erosion regardless of the actual contact event. 
This widespread adoption seems unjustified particularly in the light of research by, for 
example, Ritter etal (1985,1986 and 1987), and Wada and Watanabe (1987a, 1987b 
and 1989) who showed that the erodent particle/target material combination of 
properties was very important with respect to erosion mechanisms. Elastic/elastic 
contact conditions would be expected when soft, blunt erodents Impinge on hard 
targets. These elastic/plastic models are relevant, however, when hard, sharp erodent 
particles impinge on a softer, but still brittle, target material. These models are based 
on the assumption that lateral crack formation leads to wear.
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In a similar way to Indentation, a zone of intense plastic deformation forms 
beneath the area of impact. This has been observed, using transmission electron 
microscopy, by Hockey etal (1978). The residual stresses associated with this zone 
cause lateral cracks to grow from the impact site. Initially, these cracks grow parallel 
to the surface, but then curve upwards and eventually intersect with the surface 
resulting in loss of material. This mechanism has been considered as the foundation 
for the two elastic/plastic models of erosion. Radial cracks also grow away from the 
impact zone in the surface region but they are not believed to be responsible for any 
loss of material.
The two models, which are based on the elastic/plastic contact, differ only in 
their treatment of the contact force during impact. In both cases the radial crack 
length, c, is assumed to be proportional to the applied load, P (see equation 2.3). The 
original relationship due to Roesler (1956b) has been extended by Lawn and Fuller
(1975) to include the fracture toughness, such that:
{2.17}
»3/2
where is critical stress intensity factor of the target and 3 is a non-dimensional 
constant.
Evans et al (1978) observed that radial crack lengths were proportional to the 
length of lateral cracks, i.e. c ^ C[. This observation has led to the substitution of c, 
for c in the equations above and the use of c,, and not c, in the models of erosion.
Both models of erosion assume that the volume of material removed by each 
impact, V, is determined by the maximum size of the lateral cracks, c,, and the depth
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of formation of the crack, h., such that:
V=%cfhi {2.18}
i.e. the affected volume is cylindrical in shape.
The total wear volume is assumed to be the summation of the loss of material 
due to each individual impact. This assumption is valid if each contact event is a 
separate entity, i.e. they are non-interacting.
Having considered the similarities between the two models the next two sections will 
deal with each model in detail.
2.3.3.2 Quasi-static model
The model of Ruff and Wiederhorn (1979) which is based on the work of 
Wiederhorn and Lawn (1979), assumes that the kinetic energy of the particle is 
completely dissipated by plastic flow as the particle contacts the surface. The contact 
force is calculated from the hardness of the target and the depth of penetration during 
contact. The maximum load during contact, P^, is a function of the mass, m ,^ of the 
particle, the hardness of the target, H^ , the particle velocity, v, and several geometric 
constants which are related to the shape of the particle, such that:
{2.19}
The size of the crack formed during impact is then determined by substituting
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Equation {2.19} into Equation {2.17}; this assumes that a crack formed during impact 
is dependent on the load in the same way that it is in static indentation:
{2.20}
If the depth of lateral cracks is proportional to the maximum depth of particle 
penetration h, (a mp^ ®^ then the following relation can be produced using
equations {2.18} and {2.20}, such that the erosion rate V is:
{2.21}
2.3.3.3 Dynamic model
This model is due to Evans, Gulden and Rosenblatt (1978). The theory 
includes a consideration of the dynamic stress wave effects in the calculation of the 
contact force during impact. In contrast to the model of Ruff and Wiederhorn (1979) 
plasticity, as represented by the hardness, is assumed to play a minor role in the 
fracture process. A spherical particle is assumed to penetrate into the target surface 
without distortion, and the contact pressure is assumed to be the dynamic pressure 
set up when the particle first strikes the surface. The depth of penetration, also 
assumed to be proportional to the depth of lateral crack formation, is determined from 
the time of contact and the mean interface velocity, both of which are calculated from 
a one dimensional analogue. The final expression for the contact force is:
P°^v^RpPp {2 .22}
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where Rp is the particle radius and pp is the density of the particle. The size of the 
crack formed during impact is therefore obtained by substitution into Equation {2.3}:
{2.23}
Evans etal (1978) developed a theoretical description of the formation of lateral 
cracks. As well as the size to which they grow, the theory also takes into account the 
depth at which they form. The depth, h,, at which lateral cracks form, is assumed to 
be proportional to the plastic zone depth at full penetration of the impacting particles. 
The problem of estimating the penetration depth had been addressed for different 
impact conditions by Goodier (1965). Using Goodier’s results and experimental data 
on depth of crack formation, Evans et al (1978) relate the depth of crack formation, 
h|, to the particle size Rp, particle velocity v, particle density Pp, and target hardness
Ht, such that:
As the size of lateral cracks formed during impact has been found experimentally to 
be proportional to the size of the radial cracks formed during impact, this semi- 
empirical model provides a quantitative description of lateral crack formation during 
impact. Substitution of Equations {2.23} and {2.24} into Equation {2.3} yields:
{2.25}
It is useful to summarise these two models considering only the target 
properties. This is relevant for comparison of erosion rates of different target materials
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when the erodent conditions are kept constant.
The quasi-static model predicts that:
{2.26}
whereas the dynamic model predicts that:
{227}
i.e. the two models differ in their prediction of the variation of erosion rate with target 
hardness.
2.3.4 GRAIN BOUNDARY CRACKING
A number of researchers have observed that erosion damage often occurs in 
the absence of lateral or radial cracks. For example Gulden (1979), Wiederhorn and 
Hockey (1983) and Shipway and Hutchings (1991) have all reported this observation. 
Damage is in the form of pits, thought to be due to extensive intergran ular chipping 
i.e. individual grain ejections. Each pit can encompass a number of grains, and 
resembles the large scale pull-out of grains from the surface, as seen in damage 
produced during metallographic preparation.
Ritter and co-workers (1984), have attempted to model this mechanism of 
erosion. They have assumed that all the kinetic energy of the particle goes into 
producing grain boundary cracks adjacent to the impact site in the target material. 
Material is lost when clumps of grains are loosened and are ejected from the surface. 
Ritter et al verified the model with follow up papers in 1985, 1986 and 1987.
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The kinetic energy of the erodent particle, U,^ , is assumed to be transferred 
totally to the target material and to result in the formation of cracks along the grain 
boundaries. Therefore the amount of damage that is created depends on the amount 
of energy available in the impinging particles. The energy is used to produce new 
surfaces, so the grain boundary fracture energy, y, and the surface area per grain will 
be important. Therefore, the area of grain boundary cracking, will be:
where ng is the number of grains and dg is the average grain diameter. The energy 
required to form the new surfaces will be nd^y and this is supplied by the kinetic 
energy of the erodent particle, such that:-
{229}
 ^ Y
The number of grains per pit is given by the ratio of the pit volume, Vp, to the 
average grain volume:
{2.30}
^9
Since dg^  a U^by from Equation {2.29}, it follows that:
{2.31}
^ Y
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The grain boundary fracture energy is assumed to be proportional to the critical stress 
intensity factor kJ:
yocKpt {2.32}
so that
{2.33}
^Ct
Since = 1/2 m^v ,^ the erosion rate is proportional to the square of the particle 
velocity.
The work on which this model is based, i.e. by Ritter and co-workers, had SiC 
as the erodent and alumina and Hexoloy SA as the targets. However, most 
researchers consider that lateral cracking would tend to occur with this erodent while 
the grain boundary cracking would tend to occur primarily when "weak" erodents have 
been used. Typically alumina and silica produce this type of erosion mechanism, 
which is significantly less severe than for an erodent such as silicon carbide. The 
effect of erodent properties on the mechanisms of erosion will be discussed at a later 
stage (see section 2.4.1).
Widespread adoption of the Ritter model of erosion has not transpired since 
in the majority of cases the velocity exponent for erosion rate is greater than 2. A 
basic scaling between material removal and kinetic energy , as used by Ritter, has 
therefore been considered to be unjustified.
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2.4 REVIEW OF THE EFFECT OF EROSION PARAMETERS
2.4.1 INTRODUCTION
The experimental variables associated with erosion are discussed in this 
section. The important erodent, target and test variables are considered.
2.4.2 ERODENT VARIABLES
2.4.2.1 Impact Angle
Target behaviour can be characterised as lying between two idealized 
extremes as shown in Figure 2.5 ( Ives and Ruff, 1978). Metals, exhibiting a ductile 
response, have a peak wear rate at impact angles between 20 and 30° (Finnie 1972); 
ceramics, which respond in a brittle manner, have a maximum wear rate at 90°, 
(Hockey et al 1978). Erosion of ductile materials has been comprehensively 
researched (e.g. Tilly, 1969, Preece and Macmillan, 1977 and Hutchings, 1979) and 
will not be discussed in any detail within this project. This study is associated solely 
with erosion of brittle materials at an impact angle of 90°.
2.4.2.2 Velocity and Particle Size
Throughout the literature, investigations into the velocity dependence of the 
erosion rate have Involved research into the particle size dependence also. Along 
with impact angle, these two parameters are the most widely investigated. The 
following relationship is commonly used and is taken from the models based on 
quasi-static indentation, e.g. Equations {2.21} and {2.25}:
{2.34}
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Where W is the wear rate in terms of mass of target lost per unit mass of erodent and 
D is the erodent particle diameter. Evans et al (1978) predicted an velocity exponent 
of 3.2, while Ruff and Wiederhorn (1978) predicted an exponent of 2.4. Higher 
exponents have, however, been reported: 6 for glass impacted with steel spheres 
(Finnie, 1960); 4 for both MgFg and silicon nitride impacted with quartz or silicon 
carbide (Gulden, 1979). At normal incidence, the velocity exponent, b, usually falls 
between the values predicted by the quasi-static and dynamic models. The size 
exponent, a, is predicted to be 0.67 for both elastic/plastic models, and approximately 
1 for the elastic model. Experimentally, the size dependence has been shown to be 
close to the predicted values, e.g. Gulden (1981).
Generally it is found that the velocity exponent, b, decreases systematically 
with increasing particle size. This effect is not predicted by any of the erosion models 
and is presumed to be due to the changing contact conditions, (Routbort and 
Scattergood, 1991). Routbort et al working on reaction bonded silicon carbide, 
(1980a) and silicon (1980b), and Morrison etal (1985) working on mullite, have noted 
this trend. Localised heating at the contact site and particle fragmentation have been 
suggested as possible explanations.
Routbort et al (1980a and b) found that the elastic/plastic models of erosion 
can be used for impact angles as low as 31° if one considers only the normal 
component of velocity, as was first suggested by Hockey et al (1978). The normal 
component of velocity, vsin$, where i|r is the angle of impact, can be used if frictionless 
contact conditions are assumed. This assumption is consistent with the conditions 
used in the development of the erosion models.
A threshold velocity, v ,^ and a threshold particle size, D^ , have been 
suggested. The existence of is supported strongly by the anomalously low erosion
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rates at the small particle diameters, as shown by Routbort et al (1980a). The 
equation above thus becomes:
W'K(0-q,)«(k8ln{r-l^'' {2.35}
These thresholds have been incorporated to make the velocity and particle diameter 
appear as "effective" values.
Routbort and Scattergood (1991 ) have observed higher than expected erosion 
rates at low angles of impact. This had been thought to be the result of a plastic 
cutting process arising from the tangential component of velocity, (Hockey et al, 1978 
and Routbort etal, 1980a). Srinivasan and Scattergood (1987) have proposed an 
alternative explanation. Observations of increased cracking at shallow angles (i|r« 20°) 
have been attributed to a change in the stress distribution which causes the operation 
of a different mode of fracture mechanism, i.e. as well as the normal component, the 
component of the velocity parallel to the surface also needs to be considered.
Murijgesh and Scattergood (1991 ) have attributed the particle size effect to the 
increase in flaw population in the larger erodents. They suggest that larger particles 
are more prone to break up on contact with the target material. This effect is known 
as fragmentation and is explained more fully in section 2.4.2.4.
2.4.2.3 Flux of Erodent Particles
The influence of particle flux on erosion behaviour has been reported by Tilly 
and Sage (1970), Uuemois and Kleis (1975) and Brown et al (1981). Uuemois and 
Kleis (1975) showed that the erosion rate was comparatively greater when the flux of 
erodent particles was low, but they did not discuss the reasons behind these effects.
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Brown et al (1981) suggested particle shielding as the cause, but provided no 
conclusive evidence. Anand et al (1987) have varied systematically the particle flux 
and studied the effect on the steady state erosion rate for a range of different erosion 
conditions. A lower than expected erosion rate has been observed on increasing the 
flux. Shielding of the target surface by rebounding particles has been cited as the 
cause of this. These authors have rationalised the effect in terms of a first-order 
particle collision model where collisions remove incident particles from the erosion 
process. The relative reduction in the erosion rate varies exponentially with the 
particle flux and the effect is more pronounced for smaller erodent particles and lower 
particle velocities. They found the effect to be significant even for relatively low values 
of the flux.
2.4.2.4 Erodent Hardness
Erodent particle hardness has become the topic of extensive study in recent 
years. Wada and Watanabe (1987a and b, and 1989) have performed a great number 
of studies on the solid particle erosion of SigN^ , SIC and AlgOg using soft and hard 
erodents. The velocity exponent was always lower for the softer erodent (AlgOg) than 
for the harder erodent (SiC). Wada and Watanabe have considered the importance 
of the ratio of the particle to target hardness, Hp/H^ , and the effect it has on the 
erosion mechanism. These workers, (1987a), observed that when this ratio was 
greater than one then the erosion rate increased significantly. Muragesh and 
Scattergood (1991 ) using a variety of target materials to change the ratio Hp/H^  did not 
observe this large increase. These authors suggested that particle fragmentation 
effects might underlie the results shown by Wada and Watanabe.
When a particle strikes a surface it may rebound elastically, penetrate into the 
target as one undeformed body, it may break up into a number of fragments or even
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deform plastically. It is necessary to consider combinations of erodent particle/target 
material when studying these phenomena. Properties such as hardness and fracture 
toughness of both materials are therefore important.
This area of work has been largely ignored even though Tilly and Sage 
recognised its importance as early as 1970. Anand et al (1987) suggested that 
fragmentation may contribute to the particle shielding effects which are related to 
erodent flux, which has been considered previously (section 2.4.2.3). These effects 
are also a possible explanation of the anomalies observed in studies of the velocity 
and particie size exponents, also discussed previously (section 2.4.2.2).
Murygesh and Scattergood (1990) utilising the quasi-static indentation process 
have studied the effect of load on the fragmentation of individual particles. Their 
results showed that the material properties were very important, and concluded that 
softer particles fragment at lower loads than harder particles. The same authors,
(1991), have proposed that the ratio K^ p/K^  ^is as important as the hardness ratio with 
regard to fragmentation. The transition point noticed by Wada and Watanabe, at 
Hp/Ht = 1, has no theoretical basis. Muragesh and Scattergood (1991) have 
explained this by assuming that effects due to the ratio K^ p/K^  ^ may have been 
included implicitly in the Hp/H^  term.
One particular area of contention in the literature appears to be whether grain 
boundary and other minor types of crack, as produced by "weak" erodents, are simply 
precursors to lateral cracks. Murugesh and Scattergood (1991) and Srinivasan and 
Scattergood (1988) have proposed that a greater amount of softer erodent is required 
to build up the requisite stresses needed to produce lateral cracks than for a harder 
erodent. However this hypothesis is not widely accepted since for these "weak" 
erodents the extent of fragmentation is much greater, and therefore energy is
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expended in breaking up the particle, as well as in cracking the specimen.
2.4.2.5 Shape
The shape of the erodent particle is virtually always an inherent property of the 
specific material. Silica particles tend to be rounded, silicon carbide and silicon nitride 
tend to be angular, and alumina somewhere in between, often called sub-angular. 
The harder erodents, e.g. SiC, which fragment to a lesser extent, tend to be sharp. 
Soft erodents such as silica, which fragment easily, tend to be blunt. The shape of 
these erodents is due to the production techniques, and the ease in which the edges 
are rounded when stored.
Originally it was believed that blunt particles cause the formation of Hertzian 
cracks, and sharp particles cause the formation of radial and lateral cracks, c.f. quasi­
static indentation. In dynamic contact situations, however, the situation is complicated 
by the dependence on velocity. This point is clearly illustrated in the work of Evans 
et al (1978) who investigated the morphology of cracks formed by high velocity impact 
with solid particles. The particle velocity that characterises the transition between the 
formation of Hertzian cracks and the formation of radial cracks depends on the 
hardness, fracture toughness and surface structure of the target material. Therefore 
in dynamic situations the hardness is of greater importance than the shape.
2.4.2.6 Density
The density of the erodent particles only appears as a variable in the 
elastic/plastic models. The quasi-static and dynamic models predict exponents of 
19/12 and 11/9 respectively. This parameter has not been investigated specifically 
since it is impossible to vary the density without affecting other important factors.
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2.4.3 TARGET VARIABLES
2.4.3.1 Hardness and Fracture Toughness
These two material properties are generally treated together when studied in 
relation to erosive wear. The relationship between hardness, (HJ, fracture toughness, 
(Kpt), and the erosion rate is expressed as follows:
{2.36}
Values for the exponents f and g have been proposed from the models of Evans et 
al (1979) and Ruff and Wiederhorn (1979); and experimentally deduced by Wiederhorn 
and Hockey (1983), for example. The predicted dependences are shown in equations 
{2.26} and {2.27}. Both models predict an exponent of -4/3 for fracture toughness. 
Using a multivariate linear regression analysis Wiederhorn and Hockey (1983) 
investigated a number of different materials and showed that the dependence on the 
fracture toughness was -1.9, i.e. stronger than predicted. The difference has been 
attributed to effects of the different microstructures and the random nature of the 
impact process.
The dependence of the erosion rate on the hardness of the target was also 
deduced in a similar way and found to be 0.48, i.e. closer to the prediction of the 
quasi-static model of erosion than the dynamic model. In this theory, hardness 
determines both the depth of penetration and the maximum load during impact. The 
hardness exponent is negative in the penetration term since the deeper the 
penetration ( lower hardness ) the greater the erosion rate. The load term contains 
a positive exponent since the amount of chipping is proportional to the maximum 
load during impact, which increases as the hardness increases. Therefore the erosion 
rate is predicted to increase at higher values of hardness according to this term. The
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positive exponent deduced by Wiederhorn and Hockey (1983) suggests that the 
surface load term has a greater effect on erosion than the penetration depth.
Hardness and fracture toughness are the parameters which are most 
commonly used for comparing the erosion rate of different materials, e.g. Hockey et 
al (1978). The relevance of the relationship is possibly limited, however, to situations 
where lateral cracks are present. Erosion which occurs by growth of small scale 
cracks, as observed for instance by Shipway and Hutchings (1991) using soft 
erodents, might not be dependent on typical fracture toughness values. Generally 
fracture toughness values are obtained using large cracks. These values, however, 
may not be valid when attempting to predict erosion using soft erodents.
2.4.3.2 Microstructure
The model of Ritter (1984) includes a term for the grain size. The other models 
of erosion do not include any specific terms for the microstructure since they assume 
that the material is an isotropic continuum. The hardness and fracture toughness are 
highly dependent, however, on the microstructure. There have been very few specific 
studies on the effect of microstructure on the erosion of ceramic materials.
2.4.4 ENVIRONMENTAL VARIABLES
2.4.4.1 Temperature
There has been relatively little research on the high temperature erosion of 
ceramics. This would appear to be due to a lack of appropriate testing equipment. 
Wiederhorn and Roberts (1976) have used their "sand blast" equipment up to a 
temperature of 1000°C to test alumina castable refractories. They found that at 
1000°C the erosion behaviour was partially influenced by plastic flow, since erodent
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particles were found embedded in the refractory, and the erosion rate increased 
rapidly as the angle of impingement decreased, indicating a softening of the target.
Hockey et al (1978) using the same equipment as Wiederhorn and Roberts
(1976) have investigated the high temperature erosion performance of sintered 
alumina, hot pressed alumina and hot pressed silicon nitride. Apart from showing that 
the velocity exponent was greater at the higher temperatures for each material, no 
major difference in the mechanism was reported.
2.4.4.2 Atmosphere
Little work has been performed on this branch of erosion. The effect of 
atmosphere on the hardness and fracture toughness of ceramic materials will be 
reviewed in Chapter 4. All erosion tests reviewed have been performed in air.
2.4.5 COMPOSITE MATERIALS
All of the current models of erosion predict that if the toughness is increased 
then the erosion rate will decrease. However, tailoring of the microstructure through 
the use of second phase additions, in order to improve the fracture toughness, does 
not always result in increased erosion resistance. This area has not been researched 
extensively.
Several erosion studies have been made using whisker-toughened composites. 
Routbort etal (1990a and b) have investigated SiC whiskers in AlgOg, while Wang and 
Levy (1990) have studied SiC whiskers in SiC. The erosion behaviour of fibre 
reinforced materials has not been studied extensively, although Sykes et al (1987) 
have studied SiC fibre-reinforced alumina matrix composites and Powell (1993) has
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performed studies of fracture relating to the erosion process in Nicalon fibre reinforced 
glass-ceramic matrices. Particulate toughened composites have also been seldom 
studied, with Wada etal (1988) looking at SiC particles in AlgOg, being among the few 
researchers in this field.
All models of erosion predict lower erosion rates for tougher materials. 
Routbort et al (1990a) have shown that this is not always the case when considering 
materials toughened by second phase additions. In their investigation of whisker- 
toughened composites it was shown that not all toughening mechanisms lead to 
increase in erosion resistance. Factors such as whisker quality, size and orientation 
are all important. Routbort et al (1990b) showed that when the whiskers in the SigN  ^
+ SigN  ^(w) system were aligned parallel to the surface i.e. in the same direction as 
lateral crack growth, then the erosion rate increased. In this case, therefore, the 
whiskers provided paths of lower resistance for the cracks.
Also, researchers have shown evidence of saturation behaviour of erosion 
rates with increasing fracture toughness. This saturation effect is not accounted for 
in the existing erosion models. An explanation for this phenomenon can be made in 
terms of microstructural effects. In toughened ceramics, resistance-curve (R-curve) 
behaviour is commonly observed. Toughening mechanisms rely upon increased 
energy dissipation in the "process zone" at the crack tip. In many cases the process 
zone increases in size and effectiveness as the crack advances, so the toughness 
becomes a function of crack size. The fracture toughness increases rapidly initially, 
but eventually reaches a plateau at a certain crack length after which it remains 
constant.
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2.5 SUMMARY
The response of a target to an impinging erodent particle is highly dependent 
on the properties of both materials. Materials such as ceramics can respond In an 
elastic/elastic or elastic/plastic way depending on the experimental parameters. These 
responses produce cracks associated with the resultant stress fields and in turn these 
cracks lead to material loss. Over the last twenty years researchers have 
concentrated primarily on investigations into the elastic/plastic response for virtually 
all materials. This response has been characterised as that which produces lateral 
cracks. The models of Ruff and Wiederhorn (1979) and Evans ef al (1978) are the 
primary examples of the work on wear rate prediction considering lateral cracking. 
Other contact responses have been largely ignored, although Sheldon and Finnie 
(1966) and Ritter (1984) have attempted to investigate and model different 
mechanisms of erosion.
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Table 2.1 : Comparison of velocity and particle size exponents for the main erosion
models (after Ruff and Wiederhorn, 1979).
THEORY particle size 
exponent, 
a
velocity
exponent,
b
Elastic {Eq.2.1} 4-4.2 2.6-3
Elastic/Plastic {Eq.2.7} 3.7 2.4
Elastic/Plastic {Eq.2.11} 3.7 3.2
Experiment 3 - 4 2 -4
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Blunt Indenter
2R
Figure 2.1 : Schematic of the crack system which forms as a resuit of elastic/eiastic
contact.
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Figure 2.2: Schematic of the crack systems that form as a result of the Vickers
indentation process.
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(A) Secondary radial (B) Shallow lateral
Figure 2.3: Schematic of the secondary indentation crack types (after Cook and
Pharr, 1990)
0
0 = 0
Figure 2.4: Spherical polar coordinate system (after Yoffe, 1982)
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Figure 2.5: Variation of erosion rate with impact angle (after Ives and Ruff, 1978)
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3. MATERIALS
3.1 INTRODUCTION
The ceramics used in this project are candidate materials for use in extremely 
harsh environments such as heat exchanger tubes, where high temperatures are 
coupled with highly erosive conditions. This chapter presents some background 
information on the materials and some experimental studies of the microstructure. The 
materials used in this project are:-
i) Silicon carbide (SIC)
ii) Silicon carbide containing 16 vol% titanium diboride particles (SiC-TiBg) 
These materials are available commercially as Hexoloy SA (SIC) and Hexoloy ST (SiC- 
TiBg). These are manufactured by Standard Oil Engineered Materials Co., Niagara 
Falls, NY. Table 3.1 summarises the major properties of SA, ST and TiBg.
3.2 BACKGROUND LITERATURE
3.2.1 EVOLUTION OF SIC-TiBg COMPOSITES
Lashway (1985) has compared the properties of Hexoloy SA with other 
materials and found it to be superior to other non-ceramic and ceramic materials in 
many respects. Among the more desirable properties are its exceilent resistance to 
high temperatures and corrosive environments. Also, it has a very high hardness, and 
good specific properties (particularly the strength-to-density ratio). Other important 
properties are Its resistance to thermal shock and high thermal conductivity (higher 
than stainless steel). However, while Hexoloy SA has many desirable properties, its 
low fracture toughness is a problem. Hexoloy ST was developed with the aim of 
improving the fracture toughness of the silicon carbide through the addition of second
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phase particles, without producing a deleterious effect on any of the inherent desirable 
properties of the matrix materiai. Titanium diboride was chosen as a suitable second 
phase material because it is thermodynamically and chemically stable in the silicon 
carbide.
3.2.2 FABRICATION
Hexoloy SA is fabricated from sub-micrometre SiC powder which is dry or 
isostatically pressed, injection moulded or extruded. The green body is pressureless 
sintered at temperatures in excess of 2000 °C in an inert atmosphere. The production 
of Hexoloy ST follows a similar format, with the TiBg particles being well dispersed in 
the SiC matrix. An fuller description of the production route of SiC-TiBg composites 
is described in the patent produced by Mu rata and Weber (1982).
3.2.3 STRESS STATE OF THE AS-RECEIVED COMPOSITE
TiBg has a larger coefficient of thermal expansion (CTE) than SiC, The 
difference in CTE between the two materials results in the particles shrinking away 
from the matrix on cooling from the fabrication temperature. This has the result of 
producing a weak particle/matrix interface. The residual stress state in the SiC-TiBg 
composite has been investigated by amongst others Faber et al (1991), Gu et al
(1992) and Ajayi et al (1993). These authors have all used a form of the following 
relationship, due to Seising (1961), in their analysis, it assumes the presence of a 
spherical particle In an infinite matrix. The residual stresses from a mismatch in 
expansion coefficients are given as:-
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,3.1>
2E E
for r ^ R and where is the radial stress, o,^  is the hoop stress, a is the coefficient of 
thermai expansion, subscripts m and p refer to matrix and particle respectively, AT is 
the temperature difference, Rp^  is the radius of particle and r is the radial distance in 
the matrix from the centre of the particle.
Using the values given in Table 3.1, the residual stress, o^ , due to cooling from 
2000 °C to 23 °C, at the particle/matrix interface (r = RpJ is 517 MPa. This assumes 
that the system is stress-free at the process temperature. The radial stress, o^ , is 
tensile while the hoop stress, o^ , is compressive. However, the values presented in 
the literature range from 290 MPa (Gu et al, 1992), to 670 MPa (Ajayi et al, 1993) to 
as much as 1.9 GPa (Faber etal, 1991). These values differ significantly since these 
authors use different values of the Poisson’s ratios and coefficients of thermai 
expanion. The values used in this project are those provided by the manufacturers. 
Even though there is a vast difference In the values of the residual stresses at the 
particle/matrix interface, all studies conclude that they are large enough to reduce the 
load carrying capacity of the interface significantly. It was suggested that once the 
interface had failed then the stress concentration in that area would increase 
substantially, resulting in the formation of cracks.
3.2.4 TOUGHNESS CHARACTERISTICS
The aim of this section is to summarise the previous work performed on 
Hexoloy SA and ST with particular regard to the characterisation of the toughening 
mechanisms, and the fracture toughness behaviour of the composite. In the SiC-TiBg
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system, in which there is a considerable mismatch in the CTE between the two 
phases, a combination of toughening mechanisms is believed to occur. The 
mechanisms that are probably occurring are crack deflection around the particles (e.g. 
Faber and Evans, 1983), increased crack resistance due to the presence of 
compressive residual thermal stresses in the matrix (e.g. McMurty et al, 1987, Taya et 
al, 1990 and Magley et al, 1990), crack front pinning and bowing (e.g. Green et al, 
1979), crack branching (e.g. Biiby etal, 1977), microcracking (e.g. Magley etal, 1990, 
Evans, 1990 and Faber et al, 1991), and crack bridging (e.g. Faber et al, 1991).
Taya et al (1990) accredited the majority of the increase in toughness of the 
composite to the effect of the residual stress, and partially to crack deflection around 
particles. These authors suggest that the advancing crack is attracted to the tensile 
region surrounding the particles, at the same time as the compressive regions in the 
matrix are repelling it. However, Gu et al (1992) suggest that stress induced 
microcracking, for which they provide evidence in the form of small angle x-ray 
scattering data and transmission electron micrographs, gives the greatest increment 
to the overall toughness of the composite. Figure 3.1 shows a schematic 
representation of one of their photomicrographs iliustrating the presence of 
microcracking at the particle/matrix interface in the vicinity of the crack which was 
grown through the specimen.
Particulate composites which contain phases with considerably different 
coefficients of thermal expansion are prone to microcracking. The size of the second 
phase particle is of paramount importance; above a critical size microcracking occurs 
spontaneously. With adequate control of the second phase, crack free composites 
can be produced. However, when a stress is appiied, microcracks may initiate at the 
particle/matrix interface. It has been postulated that these microcracks significantly 
toughen the material by shielding the crack from the applied load ( Evans and Faber
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1981). Gu et al (1992) have investigated the effect of the size and volume fraction of 
the TiBg on the microcracking and fracture toughness behaviour of SiC-TiBg 
composites. The extent of microcracking was shown to Increase with both size and 
volume fraction of particles. Figure 3.2 shows their results of the variation of stress 
intensity factor with crack length. These results were produced by monitoring 
controlled crack growth through a double cantilever beam test specimen. As is to be 
expected, the stress intensity factor of SA remains constant over the whole crack 
length range. However, ST shows an R-curve effect (the variation of crack resistance 
with crack extension, as described in section 2.4.5). Gu eta l (1992) have attributed 
the shape of the R-curve to two effects. The stress intensity factor rises steeply over 
the initial portion of the curve followed by a gradual rise to peak toughness. Therefore 
in the initial portion of the curve, i.e. at short crack lengths, the fracture toughness is 
a strong function of crack length. These authors propose that the initial rise is due 
to toughening mechanisms such as crack deflection and branching (e.g. McMurty et 
al, 1987 and Janney, 1987). Once crack propagation begins microcrack shielding is 
increased until the process zone has reached its equilibrium size at which point the 
stress intensity becomes constant. Gu et al (1992) have attributed all of the increased 
fracture toughness at this constant value to microcracking alone.
Faber etal (1991) have attributed the toughening in the SiC-TiBg composite to 
a combination of both stress-induced microcracking and crack bridging. An 
approximately equal portion of the overall toughness increment was attributed to each 
mechanism. On examination of specimens from interrupted double cantilever beam 
tests TiBg particles were observed to span the primary crack, as far as 3 mm from the 
crack tip. However, this toughening mechanism was not even considered in the later 
papers of Gu et al (1992) or by Brett and Bowen (1993).
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An added complication to work of this nature is that it is very difficult to assess 
the effect of the individual toughening mechanisms on the overall toughness. For 
example, stress-induced microcracks might negate the effect of the residuai 
compressive stress in the matrix i.e. through relieving the overall stress in the system. 
Also certain mechanisms will occur only when a large stress is applied to the material 
i.e. stress Induced microcracking. However when only low levels of stress are applied 
to the material, for example through indentation, it is doubtful whether microcracking 
will occur. Therefore this could lead to a two-tier system of toughening in composite 
materials, depending on the level of external applied stress i.e micro-toughness and 
macro-toughness.
3.2.5 SUMMARY OF LITERATURE FINDINGS
The SiC-TiBg composite material has been produced to improve the toughness 
of the original SiC. However the presence of the particles, which have a different CTE 
to the matrix, has the result of producing a weak particle/matrix interface and a 
compressive stress in the matrix. The stress state of the composite has a bearing on 
the toughening mechanisms, however, it is not totally clear to what extent. The 
reason for the confusion is probably because the mechanisms are dependent on the 
stress level and crack length, such that several mechanisms can be operating at one 
time and the major mechanism may change as the crack grows.
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3.3 EXPERIMENTAL STUDIES OF HEXOLOY SA and ST
3.3.1 METALLOGRAPHIC PREPARATION
The materials were supplied by BP as tiles of dimensions 51 mm x 51 mm x 
6 mm. Specimens were cut from the tiles using a Capco Q35 high speed annular 
diamond saw. These were subsequently set in cold setting, clear resin containing 
alumina powder. The alumina powder provides support to the specimen during 
grinding. The grinding and polishing schedule is given in Table 3.2. This work has 
been performed using a Struers Planopol-2 polishing machine with an attachment for 
multi-specimen preparation.
3.3.2 MIGROSTRUCTURAL EXAMINATION
Characterisation of the microstructures was achieved using reflected light 
microscopy (RLM) and a scanning electron microscope (SEM). A Zeiss Axiophot light 
microscope and a Cambridge Instruments S250 SEM have been used in these 
investigations. The accelerating voltage of the SEM was varied from 5 to 20 kV. 
When 15 and 20 kV voltages were used the specimens required coating with a thin 
film of gold in order to stop excessive charging under the electron beam. The working 
distance was kept as near to the lower limit of the machine as possible i.e. 
approximately 15 mm, to enable high resolution work to be performed. The results 
were recorded on 35 mm monochrome film.
Quantitative analysis of the SiC-TiBg microstructure was achieved using a 
Cambridge instruments Q920 Quantimet. Elemental analysis of both materials was 
performed using a Jeol 35 CF Electron Probe MicroAnalyser (ERMA). Also a Phillips 
EM400T transmission electron microscope (TEM) has been used in order to examine 
the structure of the materials at higher resolutions, and to examine the particle/matrix
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interface in the composite material. While the Quantimet and the EPMA require only 
a polished surface for analysis, the TEM requires specially prepared specimens. For 
the TEM samples the material was cut to a thickness of approximately 0.5 mm (other 
dimensions of 6 mm x 25 mm) using the Capco Q35 high speed annular diamond 
saw. Next, a disc was produced from the sample using a 3 mm internal diameter, 
diamond-tipped coring driil in a slurry of 6 (im diamond paste. Subsequently this disc 
was mechanically ground and polished, using the same method described in section 
3.2.1, to a thickness of 300 fim. The centre of the disc was thinned using a VCR 
modei D500 dimpler until it reached a thickness of 20 [iir\ (the edges of the disc reach 
a final thickness of approximately 150 jwm). Finally the disc was argon ion thinned in 
a Gatan Duomill 600 series at an angie of bombardment of 15° until a small hole 
appeared in the centre of the specimen, at which time the angle was changed to 10° 
in order to extend the amount of thin area. The specimen was then ready for TEM 
examination and analysis.
3.3.3 DENSiTY MEASUREMENTS
The bulk density of the samples was estimated using a method based on the 
Archimedes principle. The sample was weighed while it was suspended by a known 
weight of copper wire, firstly in air, and then in distilled water. The density was 
calculated from the following formulae:
nicu p {3.2}
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where is the density of water at 17 °C (= 0.9977 g cm'®), mc^/2 is the weight of the 
copper wire in the water (half the total weight), m^  is the weight of the specimen 
weighed out of water and mg^ ^^  is the weight of the specimen weighed in the water 
(mcu/2 since only half the copper wire enters the water and 8.92 is the density of 
copper). The value obtained can be compared with the theoreticai density to evaluate 
the extent of porosity in the sample.
3.4 RESULTS and DISCUSSION
3.4.1 MICROSTRUCTURE
Figure 3.3 shows RLM photomicrographs of typical microstructures of SA and 
ST. As the materials are unetched only a limited amount of information is available. 
Both materials are difficult to prepare to an extremely good surface finish due to their 
high hardness and also due to the tendency for the grains to be puiled out during 
polishing. Some of the holes in ST are likely to be caused by particulate pull-out as 
well as grain pull-out. This suggests that the grain and phase boundaries are quite 
weak. A possible cause is the presence of residual stresses produced when the 
materials return to room temperature after sintering, due to an anisotropy of the 
coefficients of the thermal expansion of the SIC grains in SA, and the same effect in 
ST compounded by the presence of the TiBg particles. As described in section 3.1 
residual stresses are present due to the mismatch in the coefficients of thermal 
expansion of the TiBg and the SiC matrix.
Figure 3.4 shows micrographs of SA and ST recorded in the backscattered 
electron mode in the scanning electron microscope. These are examples of grain 
contrast produced by channeliing. Channelling involves the use of the backscattered 
electron signal. When grains are oriented at the Bragg angle, or less, to the electron
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beam then there is the possibility of incoming eiectrons being ’channeiled’ deep into 
the specimen due to the arrangement of the atomic planes. Hence less backscattered 
electrons escape from these regions and grains in these orientations appear darker 
than those at less favourable channelling orientations. This enables the grains to be 
distinguished from each other. For this method to work well an "almost perfectly 
smooth" surface is required. If this is not the case then the disrupted atomic planes 
will prevent the electron beam from entering the bulk of the specimen. The major 
attraction is the non-destructive nature of this technique. Another method which couid 
have been utilised for highlighting microstructural features is etching. Typical etching 
solutions for these materials are Murakami’s reagent (HF based), used by Jenkins 
et al (1987) and molten salt bath, used by McMurty et al (1987). In this project 
channelling contrast has been utilised in place of etching. This technique is useful 
since it does not involve the use of hazardous chemicals, and does not affect the 
polished surface. Repolishing is not required for further use.
The microstructural studies show that SA is a single phase material with grain 
size typically ranging from 4 to 8 j^ m. ST is a two-phase particulate composite 
material with a microstructure consisting of discrete TiBg particles weakly bonded to 
the SIC matrix. The composites contain approximately 16 vol.% of particles. This has 
been assessed in the Quantimet, but is an approximate number since it is difficult to 
measure accurately due to the pull-out. It can be seen that the grain size and shape 
is more uniform in the ST than in the SA. McMurty et al (1987) and Jenkins et al 
(1987) have both studied the influence of TiBg particles on the SiC grain morphology. 
They have concluded that the TiBg particles pin the SiC grain boundaries during 
sintering. It follows, therefore, that an even dispersion of particles produces a more 
uniform grain size.
On examination of the micrographs of ST it can be seen that there is a size
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and shape distribution of the TiBg particles. Using the Quantimet, the mean size of 
the TiBg particles has been determined to be 2.7 /^ m, with sizes varying from 1 to 7 
fim. McMurty etal (1987) also performed a quantitative analysis on the ST and found 
that the particles had an equivalent spherical diameter of 2.06 /^ m. The 2.7 jum found 
in this study is in general agreement given the particle size range of 1 to 5 fim quoted 
by the manufacturers.
The microstructures of these materials show inclusions and holes. The large 
holes appear to correspond to grain pull-out. The small holes, however, are too small 
to correspond to grains. They have been attributed to puil-out of inclusions during 
metallographic preparation. The EPMA has been used to determine the composition 
of these inclusions. Traces of boron have been found. As free boron is used in the 
processing of these materials as a sintering aid, these inclusions may be the result of 
boron segregation to the grain boundaries during sintering.
Transmission electron microscopy yielded only a limited amount of information. 
Problems encountered with the composite material were due to the differential thinning 
rates of silicon carbide and titanium diboride resulting in different thicknesses within 
a single sample, i.e. a TiBg particle tended to be surrounded by SiC which was so thin 
and fragile that it often broke off. However, it was clear from the results which were 
obtained that no interfacial compound could be detected between the particle and 
matrix. Jenkins et al (1987) have stated that this is in agreement with the findings of 
Zangvil who showed that there was neither extensive chemical reactions nor solid 
solutions at the SiC-TiBg interface.
3.4.2 DENSITY
The average densities of SA and ST measured using the method described in 
section 3.3.3, were 3.14 and 3.30 g cm'® respectively. These can be compared with
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the theoretical densities of 3.21 and 3.41 g cm ®. Hexoloy SA has an average density 
of 98 % of the theoretical density, while Hexoloy ST has an average density of 97 % 
of the theoretical density. The slight difference in the density of the two materials can 
be attributed to the difference to the extra processing required to compact the two 
phase material. Both materials have achieved values close to their theoretical 
densities, and therefore contain little porosity. This result confirms that the majority 
of the surface porosity (e.g. Figure 3.3) is due to grain pull-out during preparation, and 
not due to porosity already present within the specimen.
These results are likely to have some bearing on the erosion behaviour of 
these materials. The grain/phase boundaries are clearly areas of weakness (intrinsic 
flaws) and thus are likely to be sites of preferential attack in wear situations. Attempts 
have been made to quantify the amount of surface damage caused by metallographic 
preparation in order to compare the two materials, but this has proved difficult. Ajayi 
et al (1993) have performed pin-on-disc tests on Hexoloy SA and ST. They found that 
there was little difference in the wear rates of the two materials. This type of testing 
will generate surface damage. Therefore the observation of similar levels of damage 
due to metallographic preparation of the materials, is in agreement with the reported 
wear test results.
3.5 SUMMARY
Both materials used in this study are fine grained and contain little closed 
porosity (i.e. they are 97-98 % dense). Metallographic preparation of these materials 
can be difficult, resulting in grain/particle puli-out. With adequate care this can be 
avoided and a good surface finish produced. The grain and phase boundaries have 
been identified as potential areas of weakness.
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Table 3.1: Properties of Hexoloy SA, Hexoloy ST and TiBg (data supplied by
Standard Oil and taken from McMurty etal, 1987 and Ajayi etal, 1993)
MATERIAL SA ST TiBg
DESCRIPTION single phase 
sintered SiC
two phase sintered 
16 vol% TiBg
3-5 pm particles
CRYSTAL
STRUCTURE
hexagonal hexagonal hexagonal
DENSITY 
( g/cm® )
3100 3300 4520
ELASTIC
MODULUS
((3Pa)
410 427 531
POISSON’S
RATIO
0.14 0.15 0.28
HARDNESS
( kg / mm*")
2700 2700 2710
MELTING
POINT
(*C)
2540 - 2790
COEFFICIENT 
OF THERMAL 
EXPANSION 
(RT to 700°C) 
(XIOYC)
4.02 4.60
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Table 3.2: Schedule for Metallographic Preparation
WHEEL PRESSURE
(MPa)
TIME
(minutes)
LUBRICANT
125 pm metal bonded 210 untii flat water
75 pm metal bonded 180 2 water
20 pm metal bonded 150 2 water
30 pm resin bonded 120 4 water
10 pm resin bonded 90 10 water
6 pm dur cloth 60 25 alcohol
3 pm dur cloth 60 25 alcohol
1 pm dur cloth 60 5 alcohol
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a
Figure 3.1 : Microcracking in Hexoloy ST (after Gu et al, 1992)
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Figure 3.2: R-curve behaviour of Hexoloy SA and ST (after Gu et ai, 1992)
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Figure 3.3: RLM photomicrographs of (a) silicon carbide (SA) and (b) silicon
carbide - titanium diboride (ST). The TiBg particles are brighter than the 
matrix. Porosity due to pull-out is evident in both microstructures.
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10 pm
10 pm
Figure 3.4: SEM backscattered electron photomicrographs of (a) SA and (b) ST.
Note the grain structure of the silicon carbide is revealed by channelling 
contrast.
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4. INDENTATION BEHAVIOUR
4.1 INTRODUCTION
In order to investigate the mechanical properties of a material on a 
microstructural scale, indentation testing is used frequently. For over 100 years this 
test method has been used primarily for the determination of hardness. In the last 20 
years, however, it has found more widespread usage In the investigation of a larger 
range of material properties. Indentation behaviour is closely associated with research 
into wear processes where individual particles produce damage over a small area. 
Indeed, an understanding of the response of a material to indentation has often been 
used as a precursor to the modelling of performance under erosive conditions.
The aim of this chapter is to present information relating to the characterisation 
of the indentation behaviour of SIC and SiC-TIBg with particular regard to links with 
the erosion process. Firstly, the relevant background information is reviewed. This 
is followed by studies of the hardness, fracture toughness and sub-surface crack 
profiles of these materials for a range of loads. Finally qualitative predictions of 
erosion rates are made using the conclusions drawn from the results obtained.
4.2 BACKGROUND INFORMATION
4.2.1 INTRODUCTION
The problem of indentation fracture was assessed first by Hertz (1881) when 
he was considering the physical significance of hardness. His tests were performed 
using blunt Indenters. This type of indenter produces an elastic/elastic contact event.
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It is more common today to use the sharp Indenter, of which Vickers and Knoop are 
examples. These are shown schematically in Figure 4.1. These indenters usually 
produce elastic/plastic contact conditions. They are favoured for hardness testing due 
to the geometrical similarity of the residual impressions. As a result of this, the 
contact pressure is independent of the indentation size and thus affords a reasonable 
measure of hardness, (Tabor, 1951). The Vickers microhardness indenter has been 
used exclusively in this study. The general features of elastic-elastic and the elastic- 
plastic contact events have been discussed in Chapter 2. The two parameters which 
are important in the context of this project are hardness and fracture toughness.
4.2.2 HARDNESS
4.2.2.1 Foreward
Hardness is often used as a selection criterion for plasticity dominated wear. 
Therefore, within the context of this project, it is important to examine the role of 
hardness in the erosion process. Hardness is not, however, a materials constant and 
can be affected by the contact load, loading rate, test temperature and environment, 
and microstructure of the material, (e.g. Ramsey and Page, 1988). Also, cracks 
around the indentation are believed to have some effect on the hardness; brief 
explanations of these effects are detailed below.
4.2.2.2 Contact load
The change in hardness with applied load is known as the indentation size 
effect (ISE). This has been observed in a very wide range of materials, but is 
particularly marked in engineering ceramics. Figure 4.2 shows the variation of 
hardness with load for a number of different ceramics. A simple description of the ISE 
was developed by Sargent and Page (1978), and has been used successfully tb
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describe the results of Vickers indentation measurements. The length of the 
indentation diagonal, d, is related to the applied load, P, via the following equation:
P=ki.cf^ {4.1}
where k., is a constant and n is the iSE index. The ISE index is a measure of the 
change in hardness with applied load. If n has a value of 2 then the hardness is 
independent of the load; this is found to be true for most metals. For most ceramics 
n < 2, indicating an increase in hardness with decreasing load (or contact size). The 
recognition of the occurrence of an indentation size effect has led to the use of more 
specific hardness values. Sometimes hardness is given at a specific load, e.g. Hg g 
is the hardness for an applied load of 500 g. However since different materials have 
a different load dependence this is not a good means of normalising results. A more 
accurate method of presentation involves the use of a standard hardness, H^ ,^ which 
defines the hardness at a arbitrary standard diagonal length, dg^ . This hardness is 
given by:
Hj ,= 1 . 8 5 4 * , { 4 . 2 }
The hardness, H, at any load can then be calculated from^Romay c la c I  Po^  (I9B^:
H=-----------   ^  {4.3}4
Hence Hg^  and n characterise the hardness behaviour of the material as a function of
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load or contact size. For some materials, different values of and n are necessary 
to describe different portions of the load/size range.
The precise origin of the ISE is still not understood fully but it has been 
suggested by Sargent and Page (1978) that the principal mechanism may involve the 
increased difficulty of propagating piastic flow in smaller and smaller volumes of 
material. Also the effect of any surface adsorbates which may be present wiii have 
a greater influence at low loads. Bull etal (1989) proposed that the deformation under 
the indenter occurs in discrete bands rather than being continuous. After each band 
is formed a certain amount of elastic recovery takes place. These authors attributed 
a portion of the ISE to be due to occurrence of this recovery. At the lower loads this 
recovery represents a higher percentage of the final indentation size. Therefore, at 
low loads the residual impression from which the hardness is measured is smaller 
than expected resulting in higher measured values.
4.2.2.3 Temperature
Examples of the variation of hardness with temperature are shown in Figure 
4.3. It can be seen that the hardness falls rapidly for all materials as the temperature 
rises. The deformation mechanisms can be classified into two broad categories 
(Naylor and Page, 1981). Grain processes such as dislocation motion, twinning and 
microcracking and/or grain boundary processes such as grain boundary dislocation 
activity and diffusional flow may be occurring. The effect of temperature is material 
dependent. Congleton and Petch (1966) observed thermally activated dislocation 
glide in one alumina material, while Czernuska and Page (1984) observed grain 
boundary softening in another.
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4.2.2.4 Environment
The environment refers to the region above the surface and includes variations 
in the gas phase, such as dry or water saturated air, and liquids such as alcohols or 
oils. It is thought that the main effect of the environment is through the formation of 
thin adsorbed layers on the surface of the material. Swain et al (1975) and 
Czernuszka and Page (1984), have investigated hardness behaviour under a range 
of different liquids. The effects of the surrounding environment have proved to be 
impossible to predict.
4.2.2.5 Microstructure
Hardness is very dependent on the microstructural characteristics of a material. 
All inhomogeneities, such as grain boundaries and second phase particles, would be 
expected to affect the hardness. It is generally accepted that a Hall-Petch type 
dependence occurs for hardness when indentations are much larger than the grain 
size, i.e. the hardness is dependent on the inverse of the square root of the grain size 
(e.g. Hannink and Murray, 1972). However when the grain size and the indentation 
impression are of similar size the situation becomes complicated, and the Hall-Petch 
relationship no longer holds. Grain size is believed to contribute to the iSE behaviour. 
Both Sargent and Page (1978) and Skrovanek and Bradt (1979) have shown that a 
material with a large grain size has a higher ISE index than a material with a small 
grain size. Below a critical applied load the indentation impression can be contained 
within a single grain i.e. the material behaves as a single crystal and a transition will 
occur between polycrystalline and single crystal behaviour.
Other factors in the microstructure which affect the measured hardness are 
porosity, alloying additives and grain boundary phases. In general a greater 
percentage of porosity will result in a decreased hardness, though the extent of this
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effect depends on the size, shape and location of the pores, (Rice, 1977). The 
decrease in hardness indicates the occurrence of compaction beneath the indenter. 
Work on alumina has shown that additives can have opposite effects. The hardness 
of single crystal sapphire was found to increase with the addition of as little as 0.8 
wt.% TiOg in solid solution (Busovne et al, 1979), while Kennedy and Bradt (1973), 
have shown that the addition of 2 mol% of MgO.TiOg to hot-pressed alumina 
decreased the hardness by 8%. Also, the presence of a soft grain boundary phase 
can be detrimental to the hardness of the material; this effect becomes even more 
pronounced at high temperatures (e.g. Czernuska and Page, 1987).
4.2.2.6 Indentation Cracks
Li et al (1989) when comparing the Knoop and Vickers hardness values of 
Hexoloy SA devised a "true hardness concept". These authors have attempted to 
assess the effect of cracks on the hardness of a material, since strictly speaking only 
crack free impressions should be used to obtain hardness values. Figure 4.4 
illustrates their hardness results as a function of test load for both types of indenter. 
This shows that the hardness decreases with increasing load for both geometries. 
However, for indentation forces of 3 N and above the Vickers hardness values 
become constant while the Knoop values continue to decrease. These authors have 
attributed this phenomenon to the development of cracks above that load for the 
Vickers indenter. No cracks were observed while using the Knoop indenter for the 
range of loads used (up to 10 N). Therefore Li et al (1989) have calculated the "true 
hardness" using Knoop indentation measurements. This is lower than the value that 
would be obtained from the Vickers profile.
The effect of the cracks on the microhardness of a material is a controversial 
issue. Frohlich et al (1977) stated that above a certain load the Vickers
63
Chapter 4: Indentation Behaviour
microhardness is affected by the presence of cracks. Since the cracks occurring are 
believed to form on loading (e.g. Lankford and Davidson, 1979a) it was proposed that 
some of the energy for forming the indentation is transferred into energy for crack 
formation. However, McColm (1990) has stated that the energy to cause the cracks 
is negligible compared to the energy required to produce the plastic yield in the 
volume of the indentation and beyond. This author has proposed that it was the 
substantial surface disruption making the indentation difficult to measure which was 
the problem. This is still an area of controversy.
4.2.3 INDENTATION FRACTURE TOUGHNESS
4.2.3.1 Overview
There are many methods for measuring the fracture toughness of a material. 
These include the double cantilever beam, double torsion and single edge notched 
beam methods. However, each of these methods requires relatively large specimens 
which are difficult to produce. Jenkins et al (1987) showed that the measured fracture 
toughness of Hexoloy ST varied significantly with test method.
The indentation method does not give a "definitive" measure of toughness, but 
is a good means of investigating the effect of comparatively short cracks on these 
materials. The indentation method is not without its drawbacks. Miyoshi (1985) and 
Breval et al (1985), have compared experimental results for a number of ceramic 
materials and also shown large discrepancies, it is recognised that this technique 
usually produces lower values of the fracture toughness than those measured by 
conventional means. This is probably due to the nature of the loading. The whole of 
the indentation load is applied immediately to the specimen surface. The ensuing 
cracks grow during loading and unloading, under the action of an irreversible residual 
stress, until the critical stress intensity is reached. However, the critical value is
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approached from the opposite sense to that in conventional testing and as a result 
often produces an overshoot of the cracks. Therefore the cracks may grow to greater 
than expected lengths, and thus produce lower toughness values.
The conventional methods of determination of the fracture toughness consider 
the propagation of a macrocrack. However, in erosion, microcracking is more 
common. Therefore the indentation method is most relevant to wear situations and 
has been used exclusively in this project. This method has the added advantages 
of being quick and simple to perform (requiring oniy a small polished sample) and 
non-destructive. Above the critical normal load, P*, the indentation of brittle materials 
using a sharp indenter produces cracks extending beyond the indented region. 
Figure 2.2 shows a schematic of the result of a Vickers indentation. The dimensions 
c, a and I are required for fracture toughness determination. This method, however, 
does have the disadvantages that the crack lengths need to be measured accurately 
and there are a diversity of equations for calculating the fracture toughness.
Although all brittle materials show similar surface crack patterns, there is 
marked difference in response below the surface. As a result of this there has been 
a great deal of confusion regarding the description of behaviour and the calculation 
of fracture toughness. Since the method of toughness determination using 
indentations was introduced by Evans and Charles (1976), numerous equations have 
been proposed and applied to both the Palmqvist and the radial/median crack 
systems (which were described in Chapter 2). It is generally accepted that Palmqvist 
cracks occur at low indentation loads while radial/median occur at high test loads 
(e.g. Binner and Stevens, 1985). To date there are at least 20 different equations that 
may be used to calculate the indentation fracture toughness. Fifteen are based on 
the radial/median crack system and 4 are based on the Palmqvist regime of cracking. 
Ponton and Rawlings (1989a and b), have reviewed 19 of these equations. Liang et
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a/ (1990), have proposed another equation called the Universal Formula, purporting 
to cover ail crack types and loads. The main differences between the formulae will 
be discussed in the results and discussion section of this chapter with particular 
regard to the toughness results of Hexoloy SA and ST.
In a similar way to hardness, the fracture toughness may not be a constant. 
Two factors which have not already been covered are the effect of temperature and 
environmentally assisted crack growth.
4.2.3.2 Temperature
Jenkins et al (1987) and Brett and Bowen (1992) have investigated the effect 
of increasing the temperature on the toughness of Hexoloy SA and ST. The 
toughening provided by the presence of the TiBg particles in SiC is reduced as the 
temperature is increased. This has been attributed to the reduction of the residual 
thermal stresses due to the decrease in the temperature difference term in equation 
3.2. Whether it is the reduction in the compressive thermal stress in the matrix which 
causes the lower toughness, or the reduction in the driving force for producing 
microcracks at the particle/matrix interface, or both, is unclear.
4.2.3.3 Environmentally assisted crack growth
The fracture of ceramics in reactive environments, e.g water, alcohols, oil etc, 
is often time dependent. This can be termed as environmentally assisted sub-critical 
crack growth. This occurs primarily in susceptible materials such as silicate glasses 
(e.g. Lawn and Wilshaw, 1975, Anstis ef al, 1981 and Gupta and Jubb, 1981). In these 
materials radial, median and lateral cracks can all experience this post-indentation 
growth. In structural ceramics the environment is thought to be less important.
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4.2.4 INDENTATION CRACK PROFILES
To characterise fully the response of a material to indentation it is necessary 
to investigate the profiles of the cracks below the surface. Cook and Pharr (1990) 
have produced a comprehensive review of this subject. A summary of the main types 
of crack found as a result of an indentation by a sharp indenter, along with the 
conditions under which they are found, was presented in the section 2.2.2. The shape 
of the indentation crack is an important factor in the implementation of indentation 
methods for toughness determination. The idealized cracks presented by Cook and 
Pharr (1990) have been produced in soda-lime glass which is a model experimental 
material free of microstructural constraints, exhibiting a constant toughness, i.e. no R- 
curve behaviour (though it is susceptible to environmentally enhanced crack growth). 
In other materials these cracks may not be seen in practise. Indeed Cook et al (1985) 
have shown that the indentation of different ceramics and glasses may produce 
spurious results due to their R-curve behaviour.
Smith and Scattergood (1992a) have investigated the effect of crack profile on 
indentation toughness results. Analysis of their data showed that stress intensity 
factors based on classical halfpenny shapes led to an overestimation of the toughness 
and produced an apparent R-curve effect. Since soda-lime glass was used as the 
experimental material there was no microstructural basis for their results. They 
proposed that the effect was occurring due to environmentally assisted crack growth 
and/or deviations from the ideal halfpenny crack shape. They have shown that the 
primary lateral cracks constrain the indentation radial cracks In such a way that on 
fracturing the specimens through bend testing the cracks deviate into an elliptical 
shape. On using the elliptical shape in their model the R-curve effect was eliminated.
67
chapter 4: Indentation Behaviour
Smith and Scattergood (1992b) have studied the effect of aging the indented 
materials in distilled water and silicone oil. In distilled water the radial/median cracks 
were highly elliptical because of truncation by lateral cracks. Indentation in silicone 
oil, which is considered to be a "dry" environment since access of water to the crack 
is minimized, produced no radial/median-iateral crack interactions and R-curve effects 
were avoided. Radial/median-laterai crack interactions have been largely ignored by 
other workers, although Lawn etal (1985), looking at soda-lime glass, noted that radial 
cracks were substantially longer than lateral cracks in a near inert environment, whilst 
in humid environments they were approximately the same length. The shape of the 
cracks was not investigated in their study. Also, Chiang, Marshall and Evans (1982) 
have predicted that radiai cracks can grow along shallow lateral crack paths once they 
have reached a certain depth, (see Chapter 2).
Having presented a brief background to the indentation behavior of ceramics, 
the remainder of this chapter will consider the experimental study of Hexoloy SA and 
ST.
4.3 EXPERIMENTAL PROCEDURES
4.3.1 INDENTATION TESTING
4.3.1.1 Hardness Determination
A Leitz Weitzler Miniload II microhardness tester was used with a Vickers profile 
diamond indenter. The load was applied at a constant rate to the peak load, held for 
15 seconds, and then removed instantaneously. The loading rate was controlled by 
a dashpot system. The total cycle time for these tests was 25 seconds.
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Metallographioally prepared samples were indented with applied loads of 50-2000 gJ 
The indentations were spaced at least fifteen diagonal lengths apart so that there 
would be no overlap in the stress fields of neighbouring indentations. The hardness 
at each load was obtained by measuring the dimensions of the indentation diagonals 
of the residual diamond impression. These were measured using a calibrated 
graticule in a reflected light microscope. Ten indentations were analysed for each 
load, and the results averaged. The load range was chosen in order to show the 
variation in hardness over a range of contact sizes to allow predictions to be made 
for a variety of erodents of different sizes.
The hardness tests performed during this project can all be classed as micro­
indentation results i.e. no macro-indentation tests have been performed. Macro­
indentation tests using a Vickers hardness tester produced spurious results probably 
due to the method of loading which was less controlled than with the Miniload tester. 
For the purpose of this project the term micro-indentation covers loads from 50 g to 
2000 g when applied using the apparatus described above.
4.3.1.2 Indentation Fracture Toughness
The same indentations as in 4.3.1.1 were used to obtain radial crack length 
measurements. These cracks, which emanate from the Indentation corners, were 
measured in the order shown in Figure 2.2. The dimensions c and a of each 
indentation were recorded using a graticule in the eyepiece of the Zeiss reflected light 
microscope. These values, along with the pertinent data from Table 3.1, were entered 
into each of the formulae presented in Table 4.1. The radial crack measurements
 ^ It is common practice for indentation loads to be specified in g or kg rather than 
gf, kgf or N. This notation has been used throughout this thesis and hence hardness 
values are stated in kg mm' .^
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were performed using the reflected light microscope since the higher resolution 
attainable using the scanning electron microscope had been shown by previous 
workers to be unnecessary (Petrovic, 1983 and Ponton and Rawlings, 1989b). 
Although the method of measurement employed in this study may differ from that of 
other workers in the field, and may introduce inaccuracies, it has been kept constant 
for all the tests and thus, is a valid means for comparing the two materials. 
Measurements were taken only when a single, reasonably straight crack emanated 
from the indentation corner. The crack length was measured in a straight line from 
the centre of the indentation to the crack tip. Radial crack length measurements were 
recorded when non-extensive lateral cracking was present. If extensive material loss 
occurred the reading was ignored.
The graphical method of Lawn et al, (1976), was used to calculate the critical 
load, P*, above which radial cracking occurs. During the indentation process both 
plastic deformation and brittle fracture occur. These regimes are described as 
follows:-
For piastic deformation, Tabor (1951) gives:
—=k2%H {4.4}
where kg is a dimensioniess factor which is dependent on the geometry of the 
indenter (kg = 21% for Vickers diamond).
For fracture. Lawn and Fuller (1975) give:
>3/2
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where P is now related to the characteristic dimension of the crack, c, via the 
fracturesurface energy r  and E is the Young’s modulus; kg is another dimensioniess 
factor which depends primarily on the indenter shape and the Poisson’s ratio of the 
indented material. By plotting both sets of data on the same graph it is possible to 
characterise the transition from deformation-dominated behaviour to fracture- 
dominated behaviour. Logarithmic plots of load against indentation radius (half the 
diagonal) and crack length can be extrapolated to a load at which the indentation 
radius and the crack length were equal. This load is defined as the critical load for 
radial cracking, P*. The vaiue of c * , which is read from the intercept of the dimension 
axis, is also important and corresponds to the length of crack which is just visible as 
a separate entity to the indentation impression.
4.3.1.3 Surface Lateral Cracks
The same indentations as in 4.3.1.1 were used to investigate surface localised 
lateral cracks. Bright and dark field images of the indentations were recorded using 
the Axiophot reflected light microscope. The relative areas of the indentation and the 
visible lateral cracks were determined simply by tracing the outline onto graph paper 
and counting the number of squares within the outline.
4.3.1.4 Sample Anisotropy
A very simple experiment was performed in order to assess the degree to 
which there is anisotropy in the fracture behaviour of these materials. Indentations 
were placed in the samples at different orientations and the impressions recorded 
photographically.
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4.3.1.5 Environmentally-Assisted Crack Growth
To establish the degree of post-indentation crack growth present in these 
materials, radial crack lengths were measured after one minute, one hour, 10 hours, 
100 hours and 1000 hours.
4.3.1.6 Transmission Electron Microscopy
This technique has been employed to investigate the presence of microcracks 
at the SiC-TiBg boundaries. The method of preparation was the same as described 
in Chapter 3, only a grid of appropriately spaced indentations were placed on the 
polished surface of the specimens. These specimens were then back-thinned in the 
Gatan argon ion-beam milling machine until an electron transparent area was present 
in the vicinity of the indentations. Following the method of Gu et al (1992), the 
specimens were tilted and rotated in an attempt to find the microcracks.
4.3.2 CHARACTERISATION OF SUB-SURFACE CRACK PROFILES
4.3.2.1 "Grind-Through" Technique
Two techniques have been employed in the examination of sub- surface crack 
systems formed as a result of indentation. One of these involves the sequential 
grinding and polishing of the indented specimen. This technique has been used to 
examine, in "plan-view", the extent of the indentation and its associated crack system 
at distinct levels below the surface. The schedule for this process was as follows:- (i) 
a specimen prepared as in section 3.2.3 was indented and recorded photographically 
using RLM. (ii) the specimen was ground and polished as shown in Table 4.2. (ill) 
after each Ijwm polishing step the specimen was photographed using RLM. (iv) the 
depth of material removed was calculated from the difference in height between the 
original specimen surface and the new one, as measured by the change in focusing
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position on the RLM. This was cross-checked by calculating the distance from the 
original surface using the new dimensions of the indentation impression.
4.3.2.2 "Snap-open" Technique
The second technique which has been employed yields cross-sectional views 
of the cracks. A specimen of dimensions 5 mm x 5 mm x 0.7 mm was attached, by 
wax, to a bakelite mount and prepared metallographioally as before. This was 
indented across the whole width of the specimen in the configuration set out in Figure 
4.5. The specimen was immersed in a silver nitrate solution for 30 minutes, after 
which it was cleaned and dried. The silver nitrate should penetrate the indentation 
cracks and mark their position, The specimen was snapped open along the line of 
indentations and the two halves prepared for examination in the SEM. It is not 
necessary to coat these materials with a conductive layer such as carbon or gold 
since they already conduct sufficiently well. The specimens were attached to the 
microscope stubs using aluminium tape to enable "end-on" examination. They were 
viewed in both secondary and backscattered electron modes.
4.4. RESULTS AND DISCUSSION
4.4.1 INDENTATION BEHAVIOUR
4.4.1.1 Hardness
Table 4.3 gives a summary of the hardness results for SA and ST. It can be 
seen that for both materials the hardness decreases with an increase in the applied 
load, i.e. the ISE index < 2. The "bulk" hardness of the composite (i.e. at an 
indentation load of 2000 g) is approximately the same as the monolithic SiC (within 
experimental error). Since TiBg is harder than SiC, using the ’rule of mixtures’
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approach the hardness of the composite would also be expected to be higher. At 
low loads the average hardness of the composite is higher, but there is a much 
greater spread in the results, since at these loads a much greater variation in the 
number of particles within each impression will occur. The standard deviation values 
shown in Table 4.3 can be explained as follows. The value becomes larger as the 
applied load is decreased. The main reason for this is probably due to the increased 
difficulty of measurement as the indentations become smaller. Also the increased 
spread of results at the low loads may be due to the increased effect of 
microstructural features such as porosity and grain size. A greater variation in results 
has been observed for ST than for SA. This is probably due to the increased effect 
of individual TiBg particles as the size of the indentation impression approaches the 
particle size.
The ISE index has been obtained from the gradients of the graphs in Figures
4.6 and 4.7 (Vickers hardness plotted against the indentation load). The values are 
1.77±0.03 and 1.74±0.03 for SA and ST respectively. Ramsey and Page (1988) have 
recorded ISE indices for a number of ceramics with values ranging from 1.6 to 1.85. 
Thus, these results are comparable with values obtained for other ceramic materials. 
The difference in the indices is not large, and, allowing for experimental errors in 
measuring the size of the indentations, can be considered to be insignificant.
As well as the ISE phenomenon, a problem associated with the testing of 
ceramic materials to produce a hardness "value" is that of the production of radial and 
other cracks. It is recognised that for a true measure of hardness, no cracks should 
be present; in metallic materials this is almost always possible. However, the main 
problem with materials as hard and as brittle as silicon carbide is that in order to 
produce an indentation with no associated radial cracks the residual impression of the 
indentation would be virtually impossible to see. The reason for the cracks being
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unwanted, as explained in section 4.2.2.6, is not clear. For the materials used in this 
study there has been littie difficulty in measuring the indentation diagonals in the 
presence of cracks. For the purpose of this work, which deals with hardness in the 
context of the erosion process, it is more relevant to obtain hardness values under 
realistic conditions, than to produce an "absolute" hardness value.
The extremely high measured hardness values obtained when using low 
indentation loads could be of great importance in the context of the erosion process, 
especially when considering erodents of different size and/or mass. A single hardness 
number is not a suitable variable for ranking materials in terms of wear resistance and 
a contact size/hardness relationship should taken into account. Also, it is worth 
noting that the hardness in dynamic situations (erosion) may not relate directly to the 
hardness under quasi-static (indentation) loading. The effect of the variation in 
measured hardness in relation to the erosion process will be discussed further, at a 
later stage in this chapter, once the indentation fracture toughness and sub-surface 
cracking results have been presented (section 4.5).
4.4.1.2 Indentation Fracture Toughness
A summary of the results using all 20 of the fracture toughness formulae is 
given in Appendix I. For a qualitative comparison any one of the equations can be 
used (Ponton and Rawlings, 1989b). For this study it is sufficient, and less confusing, 
to choose one formula for use throughout. The decision as to which formula to use 
was made on consideration of the following: criteria. Referring to the equations in 
Table 4.1 :
(i) Since the majority of indentations studied have c/a^2 then equations 16, 17, 
18 and 19, which have been formulated for Palmqvist type cracking, can be
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discounted. While the c/a ratio is not an absolute method of ascertaining the crack 
profile, it is more applicable to choose one capable of accounting for radiai/median 
type cracks if only one formula is to be used throughout. To investigate the actual 
crack profile it is necessary to perform experiments which examine the immediate sub­
surface regions, (see section 4.3.2)
(ii) Equations 1 -15 have been formulated for median/radial cracks and therefore 
are applicable to the majority of indentation cracks present in this study. However 
some have special conditions of c/a ratio. Therefore the need to cover the whole 
indentation load range means that equations 3,9,11 and 12 can be discounted. 
Equations 1 and 2 are now considered to be over-simplistic, and equation 7 contains 
a material dependent calibration constant and therefore can be discounted. The 
remainder of this group of equations should all provide valid values for comparative 
purposes.
(ill) The most recent equation, 20, was called the universal formula by its authors. 
It is so-called since it is reported to be independent of crack profile and applied load. 
It was based on the model of Evans and Charles (1976) and incorporates Palmqvist 
and median/radial cracks over a wide range of loads and materials. The resultant 
values are a function of Poisson’s ratio, (v), as well the hardness (H) and 
Young’s modulus (E). This equation has evolved from curve fitting of data from 
indentation experiments using different compositions of zirconia toughened alumina. 
Even though these materials are significantly tougher than the materials used in this 
study Equation 20 should provide a useful means of comparing fracture toughness 
values.
For the reasons covered above the universal formula of Liang et al (1990) has been 
used for the purpose of comparing fracture toughness values throughout this project. 
The results obtained using this equation are summarised in Tables 4.4a and 4.4b. For 
all loads, the fracture toughness values of the particulate toughened ceramic matrix
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composite are higher than those of the matrix material. The composite toughness is 
between 20 and 60% higher than the monolithic SiC.
The fracture toughness values of SA and ST are lower than has previously 
recorded using conventional methods, (see Jenkins etal, 1987). As noted in section
4.2.3.1 this result may be due to the overshoot of the radial cracks making them 
longer than expected. However, these results are not consistent with the findings of 
Li etal (1989). These authors found indentation toughness values for Hexoloy SA and 
ST which were higher, and not lower, than those measured with standard techniques. 
They used a crack free 'true hardness' value to produce indentation toughness results 
which were similar to those recorded by conventional methods. Therefore their results 
were somewhat at variance with nearly all other indentation results in which the 
values are lower than conventional values. This 'true hardness’ idea was challenged 
by Srinivasan and Scattergood (1991 ) as being used simply as a means of producing 
acceptable toughness results. In their reply LI et al (1991) stated that since they 
believed that crack free indentations were more valid for hardness measurements then 
at least their method represented an improvement. This may be the case in the quest 
for a true, absolute hardness number but in this project it is useful to compare 
hardness and fracture toughness measured from the same indentation since in 
erosion they should not be considered as totally independent variables.
Values for P* have been obtained from the cross-over points of the plots 
shown in Figures 4.8 and 4.9 (using the method of Lawn et 1976 explained in section 
4.3.1.2.). P* is equal to 10 g for SA and 25 g for ST. The gradients of the load versus 
c graphs yield values of 0.56 and 0.55 for SA and ST respectively. These values are 
in reasonable agreement with the fundamental theory of Roesler (1956) which states 
that the crack length is proportional to (load)^ ^®. The P* results, although lower than 
any of the values listed by Ramsey and Page (1988), are in agreement with
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experimental observations that radial cracks are visible at applied loads of the lowest 
load (50 g) used in this study. These results show that radial type cracks are more 
likely to occur, and will grow to a greater length, in SA than in ST.
Part of the increased toughness of the composite can be attributed to the 
processes of crack deflection and crack branching. Figure 4.10 shows a micrograph 
illustrating the occurrence of these mechanisms. This is in agreement with 
observations of Bilby et al (1977), Faber and Evans (1983), Wei and Becher (1984) 
and Janney (1987) using the same, or a similar, composite. One reason for the crack 
deflection in Hexoloy ST, which is discussed by Taya etal (1990), is thought to be due 
to the presence of a compressive residual stress in the matrix of the composite. This 
stress field is a consequence of the mismatch in the coefficients of thermal expansion 
of the matrix and the particulate when the composite is cooled from the processing 
temperature to room temperature (see Section 3.2.3).
Transmission electron microscopy was employed in this study to analyse 
specimens containing indentations. Stress induced microcracking at the 
particle/matrix interface in the composite, as described in section 3.2.3, has not been 
observed at any of the indentation loads used in the course of these studies. 
Previously, microcracking has only been observed in the SiC-TiBg composite in 
regions close to a macrocrack, e.g. a crack grown in double cantilever beam tests. 
It is likely that the applied indentation loads used in this study may not be high 
enough to cause the cracks to form. Therefore it is assumed that the contribution by 
microcracks to the overall toughness is negligible, and that the reason for increased 
composite toughness is due to crack deflection and branching.
Figure 4.11 illustrates the variation of indentation fracture toughness with load 
for both materials. The monolithic SiC shows no significant trend, while the fracture
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toughness of the SiC-TiBg composite appears to be higher at lower applied loads. 
This may be an important result with regard to erosion, i.e. if the fracture toughness 
changes with contact size then the use of a single value may be misleading and lead 
to erroneous predictions. The reason for this phenomenon could be due to one or 
more factors. At lower indentation loads the driving force for radial crack growth may 
be diminished due to the increased effectiveness of the toughening mechanisms 
(section 3.2.4). However, this is at variance with the results of studies on the R-curve 
behaviour of these materials which suggest that the crack growth resistance increases 
as the crack becomes longer, until a constant value is reached. The increase in the 
measured indentation fracture toughness of Hexoioy ST at the low loads may be due 
to the inhibition of the radial crack growth due to the presence of another energy sink, 
for example lateral cracks. The effect of lateral cracks on radial crack length is 
discussed later in this chapter. Also it has been assumed that the formula of Liang 
ef al, (1990) does cover the range of indentation loads used in this project; however 
this may prove to be incorrect.
The presence of lateral cracks associated with nearly all indentations was 
observed in this study. Lateral cracks are considered generally to be undesirable. 
Ponton and Rawlings (1989b) stated that radial crack measurement was made difficult 
due to the disruption caused by the intersection of lateral cracks with the surface. 
Lawn et al (1981 ) showed that the growth and breakthrough of lateral cracks to the 
surface relaxes the constraint exerted by the elastic matrix on the indentation plastic 
zone and thus reduced the magnitude of the residual stress field. This has been 
shown to result in the crack tip closure of radial cracks in soda-lime silicate glass, thus 
inhibiting the cracks from attaining their equilibrium lengths (Cook and Roach, 1986). 
However, these observations have not deterred the use of indentation toughness tests 
in this study since it is considered to be more relevant to record crack lengths in the 
presence of lateral cracks, as this is most closely linked to the erosive wear situation.
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4.4.1.3 Surface Radial Crack Investigations
Grain Boundaries - Figure 4.12 shows a crack produced as a result of an indentation 
test. It can be seen there is no deviation of the crack direction on encountering grain 
boundaries aiong the whole length of the crack. Therefore transgra nular cracking 
is dominant for these materials. At the lowest applied loads, when the size of the 
indentation is comparable to the grain size, the cracks often start along grain 
boundaries, but subsequently grow across the grains.
Isotropy - On changing the orientation of the indentation, no preferential direction for 
radial crack growth was established. This would suggest a lack of texture in these 
materials. It can be inferred that the processing route (which is most likely to be 
uniaxial pressing followed by pressureless sintering) imparts no significant 
directionality to the samples.
Environmentally Assisted Crack Growth - No increase in crack length with time has 
been measured. Therefore the materials do not appear to be susceptible to attack by 
the atmospheric conditions in which the tests are performed (within reasonable 
timescales). Despite this result it is still advisable to measure crack lengths 
approximately the same time after the indentation load has been applied to keep the 
experimental conditions constant in all tests, and this practice has been maintained 
as far as possible.
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4.4.1.4 Surface Lateral Crack Investigations
Figures 4,13 and 4.14 show representative RLM photomicrographs of the 
results of indentation at a range of loads. The extent of lateral cracks which have 
intersected with the surface, and those which have remained sub-surface, can be 
observed. Both bright and dark field images are useful for viewing the cracks. The 
indentation dimensions can be measured more easily in bright field, whilst the lateral 
cracks are more visible in dark field. The extent of the cracking, i.e. the area covered, 
decreases with a decrease in applied load; however, there appears to be anomalous 
behaviour in the composite material at low loads. Figure 4.15 is a graph of the ratio 
of lateral crack area over the indentation area plotted against indentation load. The 
graph shows a cross-over point at a load of 150 g, below which lateral cracking is 
more prominent in the composite than in the monolithic material.
In areas of high lateral crack density, radial cracks are generally shorter than 
the radial cracks in lateral crack free areas, (Figures 4.13 and 4.14). Lateral cracks 
occur in one or two quadrants around the indentation and it is rare for more than two 
quadrants to be cracked. It appears that, at loads lower than 150 g, lateral cracking 
becomes more prominent in the composite material. These lateral cracks may inhibit 
radial crack growth, or be the result of inhibited radial crack growth. These 
observations suggest that lateral crack length is inverseiy proportionai to the radial 
crack length. One of the fundamental assumptions of two of the established models 
of erosion Is that the length of radial cracks is directly proportional to the length of 
lateral cracks. This would appear to be a valid assumption for materials free of 
microstructural variables, but not valid for materials such as those containing second 
phase particles. This assumption, and hence the models, would not seem to be valid 
for the composite material.
The surface observations have indicated anomalous behaviour in the
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composite, especially at low loads. Therefore there is a need to investigate the crack 
systems more fully. The following section highlights the sub-surface studies of the 
materials.
4.4.1.5 Observations of Sub-Surface Cracks
The snap-open technique is very useful for giving an overall picture of the 
crack profile surrounding an indentation. The polish through technique is useful for 
looking at the plan view of any indentation at any depth below the surface. It is 
especially useful for looking at indentations formed using applied loads of 300 g, or 
less, since it is difficult to view these indentations using the snap-open method. At 
these lower loads the stress concentration is not great enough to give an even break 
along the line of indentations. It has also been found that the snap-open technique 
is more difficult to use on ST; this material does not crack along the indentation line.
A summary of the types of cracking present in SA and ST over the whole 
experimental range of loads is presented in Table 4.6. Included In the table are the 
figure numbers in which photographic evidence of the crack profile is shown.
The predominant cracking system in Hexoloy SA for loads greater than 300 g 
is the median/radial (halfpenny) system. However, the lower the applied load, within 
this range, the greater the likelihood of another crack system interfering with the final 
crack configuration. The crack systems formed as result of a 1000 g indentation are 
that of a halfpenny, along with that of lateral cracking, (Figure 4.16). For this 
indentation load both cracks can occur simultaneously. The lateral cracks are 
predominantly shallow, though deep lying lateral cracks have been observed.
As well as the different crack systems which can occur as a result of
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indentation, there are different morphologies across the snap-open specimens. A 
’halo’ surrounding the main halfpenny crack can be seen. The darker, semi-circular 
shape, which appears out to the position shown by the arrow on Figure 4.16, is 
thought to represent the amount of cracking present immediately after indentation. 
This has been verified in two ways. Firstly, surface radial cracks are of similar 
dimensions to the diameter of the halfpenny. Secondly, silver nitrate penetrant has 
been used to mark the indentation crack position. Considering Figures 4.17a and b, 
it is observed that silver is deposited only as far as the darker region. This suggests 
that the ’halo’ formed as the specimen was snapped open. Therefore the proposed 
mechanism is as follows. Initially, there is radial crack growth on loading, followed by 
median and radial crack coalescence on the median plane until a halfpenny crack is 
formed on unloading. Since the median crack (labelled M) grows to the same depth 
as the "halo", this would suggest a link between the two. Once the halfpenny system 
has formed such that the radial cracks have grown to their final length, further 
stressing of an area outside the original halfpenny occurs, such that on snapping 
open the specimen a different morphology is obtained. This stress, which occurs on 
the median crack planes, is not great enough to cause cracking after indentation, but 
is capable of causing a different morphology to exist across this area (silver is not 
seen in this region but is deposited on the other indentation crack faces, see Figure 
4.18a and b). The probable reason for the change in appearance of the crack face 
is as a result of a different crack velocity in this pre-stressed region. This "halo" has 
also been seen at applied loads of 500 and 300 g in SA, but not in ST.
in SA, the full halfpenny is seen in the absence of lateral cracking, whereas 
incomplete halfpenny cracks, or Palmqvist cracks are seen when laterals are present. 
Although the halfpenny predominates, at applied loads of 500 g and above (Figure 
4.18), mixed modes can occur. If there are no lateral cracks present then a full 
halfpenny system is observed. If lateral cracks are present, however, the resultant
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system is either a Paimqvist type system, or an incomplete median/radial system 
(Figures 4.19 and 4.20). The Paimqvist system is assumed to be a precursor to the 
halfpenny system. It can be seen that in the quadrant where a lateral crack is formed 
the median/radial system is not developed fully, (Figure 4.19). The lateral cracks 
formed at this load tend to be shallow.
Marshall, Lawn and Evans (1982) reasoned that lateral cracks could occur 
with, or in place of median/radial cracks. Also, Cook and Pharr (1990) surmised from 
all the current literature that lateral cracks could occur on loading (depending on the 
material) and that lateral crack extension could in some cases decrease the elastic - 
plastic driving force on halfpenny and radial cracks. Observations of Figures 4.18, 
4.19 and 4.20 support this hypothesis and also suggest that the halfpenny system is 
made up of two separate cracks, i.e. radial and median, and that the "halo" is the 
result of further growth of the median crack. In Figure 4.18 the halfpenny system is 
fully semi-circular and is surrounded by a stressed region. There is no evidence of 
an individual median crack and therefore complete median/radial coalescence is 
assumed. Once the semi circle is complete the median crack growth continues to 
grow. Figure 4.19 and 4.20 both show the presence of radial, median and lateral 
cracks with the incomplete halfpenny crack system being ellipsoidal In shape. These 
observations are significant, since they promote the idea that the indentation cracking 
occurs until all the available energy is used up i.e. the resultant system is somewhere 
in between a perfect halfpenny surrounded by a 'halo,' and extensive lateral cracking.
The resultant crack system at applied loads of 300 g is still predominantly of 
the halfpenny profile, but much shallower and tending towards Paimqvist morphology. 
Figure 4.21 shows the cross-sectional appearance of a 100 g indentation; in this figure 
the median crack can be seen, with apparently no coalescence with the radial cracks. 
The polish-through results of indentations at applied loads of 50 g show that the radial
84
Chapter 4: Indentation Behaviour
cracks become shallower on decreasing the load (Figure 4.22). Chipping due to 
shallow lateral cracks occurred at all applied loads. This is important when 
considering the erosion of these materials.
For Hexoloy ST, investigations into the sub-surface cracks yielded slightly 
different results to Hexoloy SA, although the principles established in the indentation 
cracking of SA are still valid. It can be seen that although the halfpenny system forms 
at applied loads from 1000 g to 500 g (Figures 4.23 and 4.24), it is less likely to occur 
than in SA. At these applied loads, if lateral cracking is present it accompanies 
incomplete median growth (Figure 4.25); this was not found for SA at the same load. 
Chipping due to shallow laterals is also often present in ST, as in SA. There is no 
occurrence of the "halos" as seen in SA at these loads. The reason for this is believed 
to be due to the crack deflection processes, occurring in ST due to the action of the 
TiBg particles. The halo may be present, but the morphology of the crack faces in 
ST may be such that the phenomenon is masked. Note also that the ST fracture 
surfaces are rougher than seen in SA, again due to the system being toughened by 
the TiBg particles.
Similar results to those shown for SA at loads less than 100 g were obtained 
for ST at loads less than 300 g, though the snap-open technique was impossible to 
implement. Figure 4.26 shows a 50 g indentation at various levels through the 
sample. The presence of at least one radial crack, as well as underlying lateral 
cracks, can be seen.
Having described the sub-surface indentation cracking behaviour for both SA 
and ST it is now useful to summarise the pertinent facts. It seems clear that for these 
materials there is a ranking order in cracking phenomena; i.e. certain cracks will form 
in preference to others. For both materials, but more so for ST, there is a relationship
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between the fully developed median/radial system and full lateral cracking. For 
example, a slightly distorted, ellipsoidal median/radial crack system is accompanied 
by shallow laterals and an inhibited median/radial by deep laterals. Lateral cracks are 
not seen at all with a fully developed, semi-circular median/radial system, on the rare 
occasions that this ideal crack pattern has been observed.
Experimental observations throughout this chapter appear to show that the 
halfpenny crack consists of a median and a radial crack. These observations 
represent among the first direct experimental evidence for the existence of the median 
crack in materials other than soda lime glass. However, it is difficult to establish on 
which plane the visible median crack is situated, i.e. whether it is on the same plane 
as the visible radial cracks or on the orthogonal plane. The experimental evidence 
appears to show that it is on the same plane as the radial cracks, for example when 
the halfpenny crack is semi-circular and there is a "halo" present there is no evidence 
of the median crack (Figure 4.18). Also, the depth of the median crack is 
approximately equal to the radius of the halo. This Is illustrated by the snap-open 
results presented in Figures 4.16 to 4.22.
While some authors doubt the existence of median cracks as separate entities, 
it is likely that radial cracks grow downward on the median planes. In the current 
literature, the existence of the halfpenny crack in the absence of median cracking has 
been explained in the following way. The radial cracks, which form due to the action 
of the stresses on the surface, grow downward and outward until they reach the sub­
surface areas which are subject to stresses which control median cracking. Then the 
radiai cracks are believed to continue to grow on these median planes untiled the 
stress is relieved on completion of the halfpenny system. If this Is the mechanism of 
indentation cracking in these materials, then the median cracks present in the 
photomicrographs presented could actually be the orthogonal halfpenny cracks.
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In non-transparent materials it is not possible to ascertain the sequence of the 
cracking events with absolute certainty, but it is possible to predict the most likely 
mechanisms in the light of experimental observations. Classical indentation theory 
suggests that radial and median cracks fram and grow on loading while lateral cracks 
form on unloading. Results form this study suggest that if the available energy is 
expended in forming radial and median cracks then lateral cracks are less likely to 
form. If the median/radial cracks do not form there will be an excess of stored elastic 
energy in the system, making the formation of lateral cracks more likely. If there is a 
flaw at the point at which radial cracks begin to coalesce with the median crack, then 
the radial crack may become a shallow lateral crack. For this scenario to be true then 
the shallow lateral crack would need to form on loading. The effect of deep laterals, 
which are formed on and after unloading, is unknown.
It should be noted that shallow lateral cracks are believed to be the main 
mechanism of material removal in brittle materials subjected to erosion. These 
investigations suggest that lateral cracks occur as easily in ST as in SA, if not easier 
in spite the presence of the "toughening" TiBg particles. Shallow laterals are most 
important in erosion since they actually intersect the surface and chip off. This leads 
to the conclusion that if this mechanism is dominant in the erosion of SA and 
ST, then the materials should have comparable erosion performances, since shallow 
lateral formation is comparable in the two materials.
It is also important to note that lateral cracks do not scale with radial cracks, 
as is assumed in the elastic/plastic models of erosion. However, there is a complex 
relationship between lateral and radial cracking. This relationship depends on the size 
of the indentation load, as well as microstructural constraints imposed by the 
presence of second phase particles.
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4.5 RELATIONSHIP BETWEEN HARDNESS, INDENTATION FRACTURE 
TOUGHNESS AND SUB-SURFACE CRACKING
The results obtained from the three main areas of investigation associated with 
this project are all interlinked. It is clear that the three properties of hardness, fracture 
toughness and crack profiles are not separate entities. For the purpose of attempting 
to predict small scale cracking events/erosion behaviour it is preferable to consider 
them together. To this end it is more relevant to consider trends in results as 
opposed to actual values of hardness, fracture toughness, etc. There are a number 
of points which need to be discussed in this section now that all the indentation 
results have been presented and discussed individually. Also it has become clear that 
the current models of erosion (reviewed in Chapter 2) which have been formulated for 
monolithic materials and require absolute values of hardness and fracture toughness, 
assume that radial cracks scale with lateral cracks, and are not likely to be useful in 
the prediction of behaviour in these materials.
The relationship between hardness and indentation cracking is still not clear. 
However for the materials studied In this project, radial cracks and/or lateral cracks, 
are always present around an indentation site, Aithough it has been measured in the 
presence of cracks, the hardness must be affected by the cracks. Whether the elastic 
springback process (Ramsey and Page, 1982) is inhibited by the formation of cracks, 
or the indentation impression is affected by large scale cracking is unclear. However 
it is useful to note that while the measured hardness is extremely high for both 
materials at low indentation loads, it is higher for the composite. This result, when 
considered with the fracture toughness results which show that there is a greater 
propensity for lateral cracking in the composite at the lower loads, suggests that 
lateral cracking and hardness are linked. These results suggest that for the composite 
material, the operating toughening mechanisms which occur for one scale of damage
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may not occur at all for an event of a smaller size. In fact the presence of the 
reinforcement may be detrimental to the matrix for certain contact events. This 
occurrence seems to have manifest itself in the radial and lateral crack results i.e. 
while the radial crack growth is inhibited lateral cracking may be encouraged. 
Therefore it is not only important to consider the micro-toughness, and not the macro­
toughness, of the composite, but it is also important to scale this property with the 
actual size of the contact event. Indentation is obviously a very useful tool with which 
to perform this type of investigation.
The toughening mechanisms in the composite due to the second phase 
particles do not appear to operate as effectively at low loads. In fact, the presence 
of the titanium diboride seems detrimental to material performance. This is a very 
important result with regard to erosion. These results lead to a prediction of a relative 
increase in the erosion rate as the erodent particle size decreases for the composite 
material, with respect to SA. However, this is contradictory to the predictions that 
would have been made on the basis of indentation fracture toughness data which 
would suggest a decrease in the erosion rate as the scale of the contact event 
decreases.
The investigation into radial and lateral crack interactions has direct bearing 
on predictions of the erosion behaviour of these materials. From fracture toughness 
data (dependent on the length of radial cracks) the composite material is tougher than 
the silicon carbide matrix material at all loads. However, while the toughness of the 
SiC remains approximately constant for all loads, the SiC-TiBg material shows a slight 
increase as the load is reduced, over the expérimentai load range studied. This is not 
due to R-curve behaviour since we are not considering the growth of a macro-crack. 
Additionally in R-curve behaviour, the toughness should increase for longer cracks, 
and not decrease. The results obtained by measuring lateral crack area against
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indentation load show that lateral cracking is more prominent in the composite 
material at low loads and the sub-surface results show halfpenny crack inhibition in 
the presence of lateral cracks. Therefore if one considers the indentation toughness 
tests the composite becomes ’tougher’ for smaller contact events and would lead to 
a prediction of a lower erosion rate than the matrix for smaller particles, but if one 
considers lateral crack investigations then the opposite is predicted i.e. a higher 
erosion rate for smaller erodent particles.
4.6 CONCLUSIONS
The hardness behaviour of SA and ST is similar. ST is slightly harder for all 
indentation loads, but also shows a greater variation in results. However, ST is up to 
60% tougher than SA, with a higher critical load for fracture initiation (25 g compared 
to 10 g). The toughness of the monolithic SiC is approximately constant for all 
indentation loads, while the composite shows an increase in toughness as the load 
is decreased. The increased toughness of the composite is attained through the 
mechanisms of crack deflection and branching. On the basis of these figures alone, 
ST would be expected to be more wear resistant than SA.
The crack patterns occurring under a sharp indenter have been examined. 
Both SA and ST show elements of classical crack patterns. Evidence of the presence 
of median and radial cracks as separate entities has been observed. Also a complex 
relationship between the median/radial system and lateral cracks has been observed.
Lateral crack formation appears to be dependent on the applied load. Lateral 
cracks are more prevalent at higher loads in SA, whiie below applied indentation loads 
of 150 g this type of crack is marginally more abundant in ST. They do not, however, 
scale with radial cracks for these materials, as assumed by the elastic/plastic models
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of erosion. This result suggests that if the erosion process is controlled by lateral 
crack formation then the composite will erode at a faster rate when using small 
erodents than would be predicted using the current theories.
91
Chapter 4: Indentation Behaviour
Table 4.1 : Modified equations for fracture toughness calculation, (after Ponton and
Rawlings, 1989a). Unless stated otherwise, for halfpenny equations it is 
implicitly assumed that c/a  ^ ~2.
Radial-median (Halfpenny-shaped) crack equations Reference
1 K^=0.0101 P/(ac /^ )^ Lawn & Swaln(1975)
2 Kg=0.0515P/c^/^ Lawn & Fuller (1975)
3 Kg=0.079(P/a^/^)log(4.5a/c) for 0.6^c/a<4.5 Evans & Wilshaw (1976)
4 Kg=0.0824P/c^/^ Evans & Charles (1976)
5 K^=0.4636(P/a^/^)(E/HJ^(1 o T Evans (1979b)
6 K,=0.0141 (P/a^/^)(E/HJ^^Iog(8.4a/c) Blendell (1979)
7 K,=0.0134(E/HJ^/2p/c^^2 Lawn et al (1980)
8 K,=0.0154(E/HJ^/^P/c^/^ Anstis eta! (1981)
9 K,=0.0330(E/Hj2/5p/c3/2 for c/a^~2.5 Niihara et a! (1982)
10 K^=0.0363(E/H J^ ^®(P/a^  '^ ) (a/c) ^ Lankford (1982)
11 K^=0.0232[f(E/HJ]P/(a/c^/^)t for c/a^-2.8 Miranzo & Moya (1984)
12 K^=0.0417[f(E/HJ]P/(a°-^V-°®)t for c/a^~2.8 Miranzo & Moya (1984)
13 K^=0.0095(E/Hy)^^P/c^/^ Laugier (1985)
14 K^=0.022(E/Hj2/5p/c3/2 Laugier (1985)
15 K^=0.035(E/HJ^^^P/C^^^ Tanaka (1987)
Paimqvist crack equations
16 Kg=0.0089(E/HJ^^P/(al^/^) for ~0.25^i/a^~2.5 Niihara ef a/ (1982)
17 K(.=0.0122(E/HJ^P/(al^/^) for 1 ^l/a^2. Niihara (1983)
18 Kç=0.0319P/(aP^2) Shefty et a! (1985)
19 Kg=0.0143(E/HJ^^(a/l)^/^(P/c^/^) Laugier (1987)
Universal formula
20 (K^0/Ha^/^)(H/E0)^^ a = (c/a^ [(c/i8a)-i.5i] Liang et a! (1990)
Where F=-1.59-0.348-2.028^+11.238^-24.976'*4-16.32B  ^and B=log(c/a)
t  Where f(E/HJ = [(p%)-1.5]/0.75, in which 0=2(1+3lnp)/3 and p=0.768(E/H/-'^°® 
Where a is a non-dimensional constant, a function of Poisson’s ratio, and 0 is a constant
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Table 4.2 : Grind-through schedule for preparing plan view specimens.
WHEEL COMMENTS
10/im 5 minutes by hand; water lubricant
6^m 5 minutes by hand; alcohol based lubricant
Vm 5 minutes by hand; alcohol based lubricant
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Table 4.3a: Hardness results for SA
LOAD
(g)
INDENTATION
DIAGONAL
(urn)
HARDNESS 
(kg mm' )^
STANDARD
DEVIATION
50 4.62 4346 300
100 7.58 3230 122
200 10.97 3080 113
300 13.71 2958 178
500 18.04 2850 74
1000 26.28 2685 62
2000 38.40 2514 59
Table 4.3b: Hardness results for ST
LOAD
(9)
INDENTATION
DIAGONAL
(urn)
HARDNESS 
(kg mm‘ )^
STANDARD
DEVIATION
50 4.45 4673 497
100 7.26 3523 312
200 10.74 3217 319
300 13.22 3185 174
500 17.96 2874 124
1000 26.29 2682 105
2000 38.16 2547 83
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Table 4.4: indentation fracture toughness results for Hexoloy SA as a function of
load (using the formula of Liang et ai, 1990).
LOAD
(g)
a
i m )
c
(urn)
Hv 
(kg mm'^)
K,
(MPa m^ ^^ )
STANDARD
DEVIATION
300 6.9 18.2 2958 2.15 0.09
500 9.0 23.9 2850 2.41 0.14
1000 13.1 42.2 2685 2.24 0.04
2000 19.2 68.3 2514 2.34 0.13
Table 4.5: Indentation fracture toughness results for Hexoloy ST as a function of
load (using the formula of Liang et al, 1990).
LOAD
(9)
a
(nm)
c
(nm)
Hv 
(kg mm' )^
K,
(MPa m^ /^ )
STANDARD
DEVIATION
300 6.6 12.5 3185 3.45 0.13
500 9.0 18.5 2874 3.39 0.10
1000 13.2 30.9 2682 3.31 0.06
2000 19.1 54.0 2547 3.09 0.16
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Table 4.6: Summary of indentation crack profiles for Hexoloy SA and ST.
MATERIAL LOAD
(g)
CRACK SYSTEM FiGiUfi-E.
SA 1000 RADIAL/MEDIAN; 
LATERALS; HALO A h
500 RADIAUMEDIAN; 
LATERALS; HALO 4.1%
300 RADIAUMEDIAN or 
LATERALS; PARTIAL 
HALO
100 PALMQVIST RADIALS; 
LATERALS - X ]
50 PALMQVIST RADIALS; 
SLIGHT LATERALS
ST 1000 RADIAL/MEDIAN; 
LATERALS; PARTIAL 
HALO
500 RADIAUMEDIAN or 
LATERALS 4 - 2 5
300 PALMQVIST RADIALS; 
LATERALS
100 PALMQVIST RADIALS: 
LATERALS
50 PALMQVIST RADIALS; 
SLIGHT LATERALS
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Vickers Indenter Knoop Indenter
A
2a
2a
Figure 4.1 : Schematic of Vickers and Knoop indenters.
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Figure 4.2: Vickers hardness versus load for a variety of ceramics (after Gibbs,
1982).
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Figure 4.3; Vickers hardness versus temperature, at an applied load of 200 g (after 
Gibbs, 1982).
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Figure 4.4: Vickers and Knoop hardness results as a function of load for Hexoloy
SA (after Li et a/, 1990).
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Figure 4.5: Snap-open geometry for sub-surface crack investigations.
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Figure 4.6: A plot of log {applied load) versus log (indentation size) for SA.
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A plot of log (applied load) versus log (indentation size) for ST.
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Figure 4.8: A plot to enable P* to be derived for SA..
1 0 0
Chapter 4: Indentation Behaviour
100
■  indentation radius crack length
o 10:onjO)
3
100 
Log Load (g)
1000 10000
Figure 4.9: A plot to enable P* to be derived for ST.
Figure 4.10: SEM micrograph showing crack deflection and branching in ST.
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Figure 4.11: Graph showing the variation of indentation fracture toughness with 
applied load for both SA and ST (using formula of Liang et al, 1990).
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Figure 4.12: SEM, backscattered electron mode, photomicrograph of indentation 
cracks in SA showing that grain boundaries are not preferential fracture 
paths.
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Figure 4.13: Bright and dark field RLM photomicrographs of surface localised lateral 
cracks in SA for applied indentation loads of (a) 1000 g, (b) 500 g and 
(c) 50 g.
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Figure 4.14: Bright and dark field RLM photomicrographs of surface localised lateral 
cracks in ST for applied indentation loads of (a) 1000 g, (b) 500 g and 
(c) 50 g.
104
Chapter 4: Indentation Behaviour
4.5-
c 3.5- oscoc 2.5-
co2(0I 1.5-
Ü
0.5-
200 400 600 
Load (g)
800 1000 1200
Figure 4.15: Graph of the ratio of lateral crack area over the indentation area versus 
applied indentation load.
Figure 4.16: SEM, secondary electron mode, photomicrograph of a 1000 g 
indentation in SA in cross-section. Note the halfpenny system.
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Figure 4.17: Cross-sectional views of 1000 g indentations in SA in the SEM (a) 
secondary electron mode (b) backscattered electron mode. Note that 
the silver particles mark the extent of the cracking prior to the sample 
being snapped open.
106
Chapter 4: Indentation Behaviour
20 urn
Figure 4.18: SEM, secondary electron mode, photomicrograph of a 500 g 
indentation in SA in cross-section. Note halfpenny type morphology 
and the absence of the penny crack.
Figure 4.19: SEM, secondary electron mode, photomicrograph of a 500 g 
indentation in SA in cross-section. The crack system is not fully 
developed.
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Figure 4.20: SEM, secondary electron mode, photomicrograph of a 500 g 
indentation in SA in cross-section. Note undeveloped median/radial 
system.
Figure 4.21: SEM, secondary electron mode, photomicrograph of a 100 g 
indentation in SA in cross-section, showing the Paimqvist type 
morphology.
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Figure 4.22: RLM photomicrograph of a 50 g indentation in SA (arrowed). Note 
disappearance of cracks on removal of 0.5 pm of material.
109
Chapter 4: Indentation Behaviour
Figure 4.23: SEM, secondary electron mode, photomicrograph of a 1000 g 
indentation in ST in cross-section, showing the halfpenny crack system.
20 pm
Figure 4.24: SEM, secondary electron mode, photomicrograph of a 1000 g 
indentation in ST in cross-section, showing an incomplete crack system.
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Figure 4.25: SEM, secondary electron mode, photomicrograph of a 500 g 
indentation in ST in cross-section. Note halfpenny system still exists.
Figure 4.26: RLM photomicrograph of a 50 g indentation in ST (arrowed). The radial 
cracks disappear on removal of 0.5 pm of material.
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5. EROSION BEHAVIOUR
5.1 INTRODUCTION
In this chapter, the response of SIC and SiC-TiBg to impact by particles in a 
fast moving gas stream is evaluated. Firstly, a brief background to erosion testing is 
presented. Next, experimental procedures are described. Single and multiple particle 
impact tests and erosion, using a larger amount of erodent, such that steady state 
erosion conditions prevail, are considered. Two erodents, silica and silicon carbide, 
and a range of temperatures from room temperature to 1000°C have been used. The 
mechanisms of material removal have been investigated using reflected light and 
scanning electron microscopy. The results are compared with the predictions made 
from the established erosion models and observations of the indentation behaviour.
5.2 BACKGROUND TO EROSION TESTING
5.2.1 INTRODUCTION
Erosion, as defined in Chapter 2, involves the propulsion of particles towards 
a target resulting in the loss of material due to the stresses resulting from particle 
impact. Broadly, there are two types of erosion test which can be performed, the 'real 
life’ test and the laboratory simulation type of test. The former type is the most 
accurate since it achieves the actuai in-service conditions (e.g. Johnson et al, 1985), 
but the tests are performed in-situ and the apparatus tends to be complex, costly and 
inflexible. In contrast, the latter type of test tends to be much simpler and more 
flexible, and is particularly suitable for research purposes. Mechanisms of material 
removal can be studied under many different experimental conditions, but the results 
tend to be less applicable to actual in-service conditions. Since this study involves 
the investigation of the basic mechanisms of material removal, the latter type of
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erosion test rig has been used. There are many forms of laboratory erosion rig, but 
the most common types are the slinger type (e.g. Kosel etal, 1979), the whirling arm, 
(e.g. Tilly and Sage, 1970) and the gas blast type rig, (e.g. Ruff, 1986). These are 
discussed briefly below.
5.2.2 SLINGER TYPE EROSION APPARATUS
Erosive particles are fed into the centre of a horizontal, rotating tube via a 
hopper system and accelerated out of the ends of the tube towards stationary targets 
positioned at the periphery of the erosion chamber. This type of apparatus has the 
useful capability of allowing the simultaneous testing of several different specimens 
at the same time. However it has the disadvantage that the impact angle of the 
erodent particles may vary across the width of the target and the erosion chamber 
needs to be evacuated to avoid the deflection of the abrasive particles by a carrier 
gas which may be present.
5.2.3 WHIRLING ARM EROSION APPARATUS
In this type of test, a rotating arm carrying two counter-balanced specimens 
at its ends passes through a steady stream of free falling erodent particles. It is 
assumed that the erodent particles are effectively stationary when they impact with the 
moving targets. As with the slinger type apparatus, it is necessary to evacuate the 
erosion chamber prior to testing in order to minimise any deleterious aerodynamic 
effects and also the power required to rotate the arm. Therefore the test procedure 
can be time consuming. Also a problem associated with this method of testing is that 
it is difficult to estimate the number of particles impacting each specimen. For this 
reason it is necessary to calibrate the apparatus prior to testing (Rickerby and 
Macmillan, 1980).
113
Chapter 5: Erosion Behaviour
5.2.4 GAS BLAST EROSION APPARATUS
This type of erosion rig is the most common since at its crudest it requires only 
a nozzle to direct both erodent particles and compressed gas. This type of erosion 
rig tends to be simple, both to construct and operate. Also, an important factor in its 
favour is that usually all of the erodent particles impact the target material, unlike the 
other methods mentioned previously. Of course, there are many variations on this 
theme, including different nozzle materials, assorted carrier gases, high temperature 
apparatus etc., all of which can affect the erosion rate in some way (e.g. Tilly, 1979). 
The results from this type of test tend to be very dependent on the experimental 
conditions, a fact highlighted in the inter-laboratory tests described by Ruff (1986), In 
which there were significant variations in results obtained under nominally very similar 
experimental conditions in different apparatus. One of the main problems associated 
with the accuracy of this test is the impact velocity of the particles. Since it is 
impossible to obtain erodent particles of exactly the same size there will always be a 
range of velocities within the gas stream. For all the particles to attain the same 
velocity as the gas, long nozzles are required (Smeltzer etal, 1970). Also, since the 
velocity exponent in wear equations can vary between 2 and 5, the velocity of the 
particles can affect the erosion results greatly. Often it is necessary to know the 
velocity of the particles with great accuracy. However this can prove to be a difficult 
procedure with this type of apparatus. The methods of measurement, of which 
photographic, laser and mechanical techniques, are the most common, have been 
reviewed by Ponnaganti et ai (1980). The most common means of particle velocity 
measurement is the double-disc method of Ruff and Ives (1975).
A standard procedure for solid particle erosion testing using gas blast 
apparatus was published by the American Society for the Testing of Materials (ASTM) 
in an attempt to encourage researchers to use the same test method and to allow the 
comparison of results recorded using different materials. This was the ASTM standard
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G76-83. While this standard has not been adhered to by many researchers, there are
a number of salient features which are useful to consider when testing. The nozzle
bo ratiolengthjdiameteijshould be 25:1, or greater, in order to achieve an acceptable 
particle velocity distribution in the stream. Also, the nozzle should be made from an 
erosion resistant material and the internal diameter should not increase by more than 
10% of the initial value during the period of the test. Provisions should be made for 
varying, and measuring, the particle velocity, flux and impact angle.
It is worth noting that the erosion rate may be recorded in many forms. The 
ASTM standard states that the erosion rate should be measured in mm^ g'^  i.e. the 
volume loss of specimen material divided by the total mass of abrasive particles that 
impacted the specimen. The most direct method for recording the erosion rate is by 
measuring the mass loss as a function of a known amount of erodent e.g. g g '\ 
Another method, which is more likeiy to be used for in-situ experiments, involves the 
measurement of the depth of the erosion wear scar.
5.3 EXPERIMENTAL PROCEDURES
5.3.1 INTRODUCTION
Erosion tests have been performed using two different types of gas blast 
apparatus. All of the erosion experiments were performed at BP Research 
Laboratories, Sunbury-on-Thames. One apparatus has been used for room 
temperature testing while the other has been used to evaluate the effect of 
temperature on the erosion behaviour of the materials. Originally, all experiments 
were to be carried out on only the one rig, but due to problems highlighted in 
Appendix 2 the intended test regime had to be altered. All tests used polished 
specimens of dimensions approximately 25 mm x 25 mm x 6 mm.
115
Chapter 5: Erosion Behaviour
5.3.2 ROOM TEMPERATURE TESTING
The apparatus used for these tests is shown schematically in Figure 5.1. The 
erodent is placed in the hopper and then gravity fed into a fast moving gas stream. 
The particles pass into the silica tube and out through the 5 mm diameter exit nozzle 
at a flux of between 2.3 to 4.1 g s '\ depending on the erodent used.
In all tests the erodent stream was at 90° to the polished face of the specimen 
and the gas velocity was kept constant at about 200 m s'"", by maintaining the gas 
pressure at 64 psi. The gas velocity has been estimated with the use of a pitot tube 
positioned at a distance of 50 mm from the end of the nozzle. This was the same 
stand off distance as the specimen to nozzle distance in all of the erosion tests. The 
amount of erosion was assessed by mass loss. Specimens were cleaned 
ultrasonically in acetone and dried, using a hot air blower, prior to weighing on a 
Mettler high precision balance to an accuracy of ±0.1 mg.
Two types of erodent have been used. Narrow size range cuts of silica sand 
have been used as the soft erodent. Figure 5.2 shows an SEM photomicrograph of 
some of the silica particles. The erodent has been used in three size ranges, namely 
average diameters of 180 - 250 jum, 250 - 500 /^ m and 500 - 710 /tm. The particles are 
classified as sub-angular as they are quite rounded. This material was supplied by 
the David Ball Company, Bar Hill, Cambridgeshire, in cut form with a nominal size 
range of 100 - 300 /^ m, with a mean of 250 (xm. However, the size range actually 
varied from 50 /^ m to 800 jum. Therefore this sand was sieved to give the size ranges 
above.
Silicon carbide has been used as the hard erodent. This material was supplied 
in pre-packaged grit sizes by Electrominerals Company (U.K.) Ltd., Trafford Park, 
Manchester. Figure 5.3 shows an SEM photomicrograph illustrating the nature of
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these particles. The particles used were 36, 60 and 150 grit sizes. These correspond 
to 420 jum, 250 fxm and 105 /itn particle sizes. Sieve analysis showed the quoted grit 
sizes to be reasonably accurate, i.e. much less variable than the SiOg erodent, and 
therefore the values given are considered to be average sizes. This type of particie 
is classified as angular as it has sharp edges.
Initially tests were performed using very small amounts of erodent in order to 
assess the target response to single and multiple particle impacts (about 0.1 g). For 
the more extensive tests the specimen was cleaned, weighed and put back in the 
same position in the erosion rig after exposure to each 250 g of erodent, and the tests 
continued until steady state erosion rates were established. The "spent" erodent was 
then collected and analysed in order to determine the extent of fragmentation of the 
erodent. This was achieved using 8 sieves, with mesh sizes ranging form 100 to 710 
ixm. Each fraction was weighed, and compared with the original fraction present 
before the erodent was used.
5.3.3 ELEVATED TEMPERATURE TESTING
The apparatus used for the evaluation of the effects of elevated temperature 
on the erosion behaviour of the materials is shown schematically in Figure 5.4. This 
apparatus has been used over a temperature range from room temperature to 1000°C.
The erodent is placed in a hopper and gravity fed into the quartz tube and out 
through the 5 mm inside diameter exit nozzle at a flux of between 0.4 and 0.55 g s'^, 
depending on the erodent size. The angle of incidence was maintained at 90° and the 
gas velocity was approximately 70 m s‘ .^ The gas velocity was kept constant by 
maintaining the air pressure at 8 psi and was measured using a pitot tube in a similar 
way to the room temperature tests.
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One size of silica erodent (250 - 500 /xm) and one size of silicon carbide 
erodent (420 /xm) were used for these tests. For elevated temperature testing the 
erodent and gas stream were passed through a pre-heater furnace prior to entering 
the heated erosion chamber. Ideaiiy the erodent should be at the same temperature 
as the target material. In practice this was not always achieved; the maximum 
discrepancy occurred when the specimen temperature was 1000 °C. At this 
temperature the gas exiting the nozzle was 700 °C. This temperature was measured 
by placing a thermocouple into the nozzle. In practise however, the temperature 
differences could be slightly less since the particles and gas would have a little 
longer to equilibrate on leaving the nozzle. Again the target-nozzle distance was 
maintained at 50 mm.
At elevated temperatures it is not practical to remove the specimen and weigh 
it between successive exposures to erodent as the specimen would have to be cooled 
to room temperature and subsequently reheated slowly to the test temperature to 
avoid thermal shock. The long heating times involved would exacerbate any effects 
due to temperature alone. So, weighings were made at the start and finish, and the 
erosion rate was averaged over the duration of the test.
To enable the effects of the thermal cycle to be separated from those arising 
from erosion, test pieces of both materials were placed in the erosion rig and given 
exactly the same treatment as the 1000 °C erosion specimens except that no erodent 
was added to the gas stream. The gas, however, was allowed to flow over the 
specimen once the specimen had reached about 600 °C. This was the usual practise 
in the erosion tests to enable steady state conditions to be established and to prevent 
an initial blast of cold air causing thermal shock of the specimen and/or lining of the 
rig. Transmission electron microscope samples were prepared from the 1000 °C 
specimens. The method of preparation was the same as described in section 3.3.2.
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5.3.4 EXAMINATION OF ERODED SPECIMENS
Each erosion specimen was examined in the same way in order to assess the 
mechanisms of erosion. Hutchings (1983) introduced a number of microscopical 
techniques for examining eroded specimens. In this project the RLM and SEM have 
been used to the greatest extent. Prior to analysis with these instruments (introduced 
in Chapter 3) the specimens were observed by eye to establish general trends in 
roughness, impact zone size or any other macroscopic effect. Next examination using 
the RLM was performed. The most useful information was obtained when using low 
magnification. Finally each specimen was lightly coated in gold, and examined in the 
SEM at an accelerating voltage of between 5 and 20 kV, in order to 
investigate the morphological features of the impact zones and wear scars.
5.4 RESULTS AND DISCUSSION
5.4.1 ROOM TEMPERATURE EROSION - SOFT ERODENT
5.4.1.1 Single Particle Impact Results
Single particle impact studies for the SiOg erodent are very difficult to analyse 
since the degree of damage caused by such a limited amount of erodent is very 
slight. The damage that occurs is very similar to the grain pull-out already present 
due to the specimen preparation technique. The impact sites are difficult to locate in 
this environment, and for this reason the photomicrographs shown in this section have 
been recorded from areas at the periphery of the main erosion wear scar where the 
damage can be separated from the grain pull-out.
Figures 5.5 and 5.6 show areas of SA and ST, respectively, after single 
impacts by the largest silica erodent (500 - 710 /xm). The scale and nature of the 
damage suggests that intergra nular cracking has occurred. The cracks appear to
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follow paths which could feasibly be along grain boundaries. The results are similar 
for both materials making it impossible to differentiate between them when considering 
single impacts alone. Damage caused by impact of the smaller sizes of erodent i.e. 
180 - 250 fim and 250 - 500 /xm was similar to that shown for the larger erodent, but 
was difficult to assess since very little material loss occurred.
5.4.1.2 Erosion Results
Table 5.1 shows the erosion results for the soft erodent. These results are 
presented graphically in Figures 5.7, 5.8 and 5.9. Figure 5.10 shows the variation of 
erosion rate with erodent particle size. During tests with the 500 - 710 /xm erodent, the 
monolithic SiC material shows an initial transient before achieving a steady state 
erosion rate of 6.4 /xg g'^  after 2 kg of erodent has been used. However, the SiC-TiBg 
composite erodes at a constant rate of 5.2 /xg g'^  throughout the test. For the 
intermediate size erodent, SA again has an initial transient in erosion rate, though not 
quite as pronounced as for the larger erodent, and achieves a steady state erosion 
rate of 2.4 fig g'^  after approximately 1.5 kg erodent has impacted the target. For this 
size of erodent the composite erodes at a steady state of 4.8 /xg g'^. For the smallest 
erodent, the monolithic material erodes at a constant rate of 1.6 /xg g '\ while the 
composite erodes at a rate of 4.4 /xg g'^. The steady state erosion rate of Hexoloy SA 
is much more dependent on the erodent particle size than Hexoloy ST. The particle 
size exponents for SA and ST, taken from the gradient of the erosion rate versus 
erodent size graph (Figure 5.10), are 0.31 and 0.03 respectively.
SEM micrographs showing the steady state erosion wear scar morphology for 
each size of erodent are shown in Figures 5.11, 5.12 and 5.13. There are similarities 
in the morphology of the wear scars of Hexoloy SA and ST. The surface of both 
materials is fairly even and no large scale fractures are present. There is no evidence
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of any plastic deformation in the form of "indented" material. Material appears to have 
been lost through the intersection of smaii cracks. The morphology of Hexoloy SA 
shows a "cell-like" structure. The cells appear to be circular depressions which have 
a characteristic size which is dependent on the size of erodent. The approximate 
diameters of these ceils, which have been measured directly from the 
photomicrographs, are presented in Table 5.2. This cell structure is not as apparent 
in ST and as such it is difficult to differentiate between the erosion scars produced by 
the different sizes of erodent. Large holes which are approximately 80 /xm in diameter 
are a characteristic feature of the wear scars of both in SA and ST, with a greater 
number occurring for the smaller erodent size range.
A characteristic feature of all the erosion experiments using the silica erodent 
was the fragmentation of the erodent. Results of the sieve analyses of the erodents 
are presented in Table 5.3. These show that the size of the SiOg particles is 
significantly reduced after striking the targets. For each erodent size range the 
average particles size decreases after erosion. The average size decreases from 184 
/xm to 127 /xm for the smallest size range, from 322 /xm to 163 /xm for the intermediate, 
and 473 /xm to 311 /xm for the largest size range. The greatest change is seen with the 
intermediate size of erodent where the mean size in the batch decreases by 50 %.
5.4.1.3 Discussion of Erosion Behaviour
The room temperature erosion results for this combination of erodent-target 
properties illustrate the high level of resistance these materials have to impact by 
particles significantly softer than themselves. There are no data available with which 
to compare the maximum erosion rates of 5.2 and 6.4 /xg g'^  for Hexoloy ST and SA 
respectively, recorded when using the largest erodent size at a velocity of 
approximately 200 m s '\ Shipway and Hutchings (1991), when testing boron carbide
121
Chapter 5: Erosion Behaviour
(mechanically similar to pressureless sintered silicon carbide), found that for an 
erodent size range of 600 - 800 /xm propelled at a velocity of 70 m s'^, the erosion rate 
was approximately 6 /xg g'^. Therefore the results of this study are of a comparable 
magnitude to those found by other researchers.
The two materials show differing behaviour when using SiOg erodents of 
different sizes. While the erosion rate of SA varies considerably with change in 
erodent size ST remains much more constant. For the largest erodent size range SA 
erodes at a faster rate than ST, while for the smallest erodent size range ST erodes 
at a greater rate. The reasons for this behaviour are discussed throughout this 
chapter.
If one considers the photomicrographs presented in Figures 5.5,5.6,5.11,5.12 
and 5.13 then neither material shows any evidence of significant plastic deformation 
at this temperature. This is not surprising if the relative hardness of the erodent 
particles (Hp) and the targets (HJ are considered. Wada and Watanabe, (1987a), 
suggest that for Hp<H(, if the erodent is sharp and/or the target is of high toughness 
then plastic deformation may accompany the impact. If, however, the erodent is blunt 
and/or the target has a low toughness then the contact will be elastic-elastic and there 
is the possibility of Hertzian fracture of the target. The latter type of fracture is more 
likely to occur here given the erodent-target property relationship for this series of 
tests. However, while Hertzian contact is more likely to occur than elastic-plastic 
contact, another type of process which may occur is that of the grain boundary 
cracking mechanism introduced by Ritter (1984).
Firstly, considering Hexoloy SA, when using the largest erodent (710 - 500 /xm) 
three different stages occur during a typical erosion test. During the initial stages of 
the test very little material loss occurs, with the wear scar morphology showing
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isolated impacts and a limited amount of cracking. It is postulated that grain 
boundary cracking is occurring, but not at a sufficiently high level to remove grains. 
It is proposed that on further testing, the grains which have been loosened are 
removed easily, resulting in an much increased erosion rate. Thus there is an 
incubation period, where the energy of the erodent particle is absorbed predominantly 
by the near surface region of the target before steady state conditions are reached. 
Once steady state erosion occurs the rate of grain loosening can be assumed to be 
proportional to the rate of material removal. From the size and spacing of the holes 
it seems that not every erodent particle causes material removal and it is possible that 
repeated impact at or near the same site is needed to remove grains. The postulated 
mechanisms occurring up to, and during steady state erosion are illustrated 
schematically in Figure 5.14. It is postulated that the erodent particles do not 
penetrate the target but that impact causes initiation and/or propagation of grain 
boundary flaws until there is sufficient disturbance to allow the removal of material. 
This is similar to the mechanism described by Ritter in his publications from 1984 to 
1987.
For the intermediate size of erodent the incubation period does not occur to 
the same extent as for the largest erodent size. However, considering the results, 
some initial loosening does occur. When testing is performed with the smallest 
erodent the loss of material is solely surface localised with apparently no grain 
loosening occurring. Since there is no incubation period it is believed that the small 
erodent cannot impart enough energy into the target to generate the grain loosening 
process. Therefore throughout the test the smallest erodent causes material loss by 
the same mechanism as that occurring during the incubation period of the largest 
erodent.
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The dependence of the erosion rate of Hexoloy SA on the size of the SiOg 
erodent is illustrated in the morphology of the steady state erosion wear scars (see 
Figures 5.11, 5.12 and 5.13). The worn surface shows a type of "cell structure" which 
decreases in size with decreasing erodent size. The appearance of these cells 
supports the hypothesis that steady state erosion occurs when clumps of grains are 
removed by the erodent particles. Thus the number of grains removed per impact, 
under steady state conditions, is likely to be proportional to the size of the erodent 
particles. Two possible means of modelling the steady state erosion mechanism for 
Hexoloy SA impacted by SiOg particles use dynamic Hertzian impact theory, and 
kinetic energy arguments similar to those used in the Ritter model (see Section 2.3.4).
The important factor to consider in the context of this work is the relationship 
between the contact radius, a, and the radius of the spherical impacting particle, Rp. 
Following Feng and Field (1990) the dynamic Hertzian theory predicts that a,^  « Rp, 
and if it is assumed that the contact radius is approximately equal to the cell diameter, 
dç, then d  ^« Rp. The Ritter model predicts that the pit volume dp^ hp,^  « mpV^ . Since 
the mass of the particle, mp, is proportional to the volume, R®, then dp « Rp®^  ^ (where 
dp is the diameter of the pit (dp = d^ , and assuming depth of pit, hpj^ , is constant).
Figure 5.15 shows a plot of log (cell diameter) versus log (particle radius). The 
gradient of this graph is 1.49. Therefore the dependence of the cell diameter on the 
erodent particle size is very close to that predicted by the Ritter model. This result is 
supported by experimental evidence of the mechanism of material removal which is 
similar to that observed by Ritter, with apparently no Hertzian cone cracking.
Erosion in Hexoloy ST occurs due to material loss as a result of intergrannular 
cracking and cracking along SiC-TiBg boundaries. The wear scars are more uniform 
and less deep than those in the silicon carbide. The bulk mechanical properties of
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ST are more uniform since the size and shape of the SiC grains is less variable than 
in SA, It is suggested that each impact causes material loss, even in the initial stages 
of erosion since there is no evidence of an incubation period. While the erosion rate 
does increase with increasing erodent size the dependence is not as great as that in 
SA. As explained in section 3.3.2 the TiBg particle/SiC matrix interface is the site of 
residual tensile stress, and therefore cracking is more likely to be associated with 
these regions in the composite material. As a result of this, less energy is required 
to produce the requisite amount of localised damage to cause materiai ioss. The 
proposed mechanism of erosion in Hexoloy ST is illustrated schematically in Figure 
5.16. The incoming erodent particles initiate cracks at the particle/matrix interfaces 
and at the grain boundaries. Subsequentiy these grow until they intersect with other 
cracks at which point the material is loose enough either to spring out or to be 
removed by the next impacting particle. This weakness at the TiBg/SiC interface is 
illustrated by the ease at which the particles are plucked out of the surface during 
polishing. Although the cell structure evident in SA is not present to the same extent 
in ST, the erosion rate has a siight dependency on size. A plot of log (cell size) 
versus log (particle radius) for ST is shown in Figure 5.15. The gradient of the graph 
is the size exponent; this is 0.49. This exponent is significantly smaller than SA and 
any of the predicted values.
The large holes, which are present in both materials could be due to localised 
areas of material weakness. These holes are more prevalent when using the smailer 
erodent size range. These areas of material loss which are too big and too plentiful 
to be as a result of porosity, but could be due to inherent flaws in the structure with 
which the smaii erodent can interact to a greater extent than the larger erodent.
The fragmentation results presented in Table 5.3 require some explanation. 
Prior to erosion, 180 - 250 /*m, 250 - 500 /xm and 500 - 710 /xm cuts were collected by
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sieving large quantities of sand. The sieve results represent the analysis of 1 kg of 
erodent removed from the bulk amounts. The sieving of the smaller batch size 
produces slightly different size ranges, especially apparent for the smallest size range. 
When sieving smaii amounts of sand each particle impacts with the sieve and other 
particles to a greater extent, and therefore more fragmentation may occur during the 
course of the sieve analysis. Also the shape of each individual particle can have 
some bearing on the sieve results, though this is not thought to be a major factor here 
since the silica particles roughly spherical.
Exact quantification of the fragmentation of silica when it impacts with SiC and 
SiC - TiBg is not possible due to the errors present in this type of analysis. All sizes 
of SiOg erodent break up on contact with the target surface. The results suggest that 
all particles, or at least a high percentage of particles, in the smallest size range 
fragment to give a slightly smaller piece and one, or many, much smaller pieces. This 
is evident from the relativeiy small change in the mean size of particle after erosion. 
However, the intermediate size range of erodent shows different behaviour with most 
particles considerably smaller after erosion. The results lead to the conclusion that 
nearly all particles in this range fragment into at least two small pieces. The large 
erodent shows slightly anomalous behaviour, compared to the intermediate size, in 
that it appears that not all of the large particles fragment. This result is difficult to 
explain since it would be expected that the larger particles should contain more flaws, 
and therefore fragment to a greater extent (Roberts,1991). Also, for this size range the 
spent erodent contains an even distribution of erodent sizes over the smaliest seven 
sieve sizes.
The occurrence of fragmentation in the soft erodent tests complicates the 
modelling of the erosion process because it is not known how much energy is 
expended in the course of fracturing the erodent compared to fracturing the target.
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This presents an almost insurmountable problem since the exact size of an erodent 
particie both before, and after impact, would need to be known. Also, the amount of 
cracking produced in the target by each particle would have to be measured in some 
way, a procedure complicated by the fact that for this combination of erodent - particle 
properties each erodent particle does not necessarily produce material loss.
5.4.1.4 Summary of room temperature erosion behaviour using the soft erodent
Both materials are extremely resistant to erosion by erodents significantly softer 
than themselves. For the largest erodent size range Hexoloy SA erodes at a faster 
rate than Hexoloy ST, while for the smallest erodent size range ST erodes at a faster 
rate than SA. The erosion rate Hexoloy SA varies to a much greater extent than that 
of ST as the size of the erodent is changed. The mechanisms of material removal 
involve grain boundary cracking in SA, and additional interfacial cracking (between the 
TiBg particles and the SiC matrix) in ST. In SA there is an incubation period before 
steady state erosion is reached. It has been postulated that the physical reason for 
this is that it is necessary to loosen a certain number of grains prior to removal. This 
threshold is negligible in ST, possibly because the TiBg particle/SiC matrix interface 
provides a preferential path for cracking and therefore no grain loosening is required 
prior to materiai loss.
5.4.2 ROOM TEMPERATURE EROSION - HARD ERODENT
5.4.2.1 Single Impact Results
This type of erodent produces single impact and multiple impact zones which 
can be studied using RLM and SEM. Typical impact zones in SA and ST, for the 
different sizes of erodent, are shown in Figures 5.17 to 5.23. For all erodent sizes, 
damage is much more widespread than for the silica erodent. The damage is very
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similar to that produced during the elastic-plastic indentation process (except that 
there is a loss of symmetry) and it is apparent that lateral cracking is the major cause 
of material loss. Also, radial cracks are present in a number of impact zones, though 
not all.
When using the largest erodent (420 /xm) the impact zone is defined by iarge 
areas of materiai loss. There are distinct differences in the behaviour of SA and ST. 
It can be seen that lateral cracks occur in both materials (Figures 5.17 and 5.18). 
However, the size and extent of lateral cracking is significantly greater in SA than in 
ST i.e. the volume encompassed within the boundary of the crack is larger for SA. 
The lateral cracks exhibited by SA are very smooth and presumably they have grown 
to their equilibrium size unchecked. In SA, lateral cracking occurs in one or two 
quadrants surrounding a centrai region of permanent plastic deformation, (see Figure 
5.17). The impact closely resembles an indentation, whereas the impacts in ST 
resemble isolated holes without much spreading of the laterai crack. In the 
composite material, the morphology of the cracks suggests that extensive crack 
growth has been inhibited. The morphology within the impact zone of the composite 
is very rough, signifying the presence of crack deflection processes. Thus the lateral 
crack propagation appears to have been inhibited by the TiBg particles.
Another interesting feature associated with these impacts is the difference in 
the centre of the impact zone, i.e. the actual region of erodent contact. In SA the 
region is still intact; in ST however, it appears to be the region of the deepest 
disturbance. This observation is possibly indicative of the deflection of laterai cracks 
deep into the composite at the impact site, in contrast to the spreading of the lateral 
cracks away from the impact site in the monolithic material. In Hexoloy SA the lateral 
cracks tend to spread outward and probably interact with neighbouring impact sites, 
while sites in ST tend to remain as separate entities.
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The intermediate size erodent (250 /xm) also produces different responses in 
the two materials (Figures 5.19 and 5.20). The extent of lateral cracking is still 
significantly greater in SA than in ST, although the difference between them is iess 
marked than for the largest erodent size. There is more extensive cracking in ST for 
this size of erodent than for the larger particles. However, in the monolithic material, 
as well as areas where material has been lost due to lateral cracks intersecting the 
surface, there are also areas where surface (radial) cracks are accompanied by sub­
surface lateral cracks (recognisable as lighter areas surrounding the impact zone). 
In the composite material no sub-surface lateral cracks have been observed. Also, 
interesting features resembling plastic deformation have been observed at the 
periphery of the impact sites in SA.
Tests performed using the smaliest particles show that more damage occurs 
in ST than in SA (Figures 5.21 and 5.22). The appearance of a larger portion of the 
worn area, (see Figure 5.23, a low magnification RLM photomicrograph), suggests that 
in ST every impact produces damage, whilst in SA there are not as many damaged 
areas even though the same number of particles struck the surface. This result 
implies that in SA some impacts impart less energy into the target than is required to 
produce cracking i.e. there is a threshold energy which must be exceeded. These 
results suggest that cracking is more severe in SA than ST for the largest erodent, but 
that for the smallest erodent the ST is damaged more than SA.
Radial type cracks have seldom been observed in the composite materiai 
impact zones, while they are often present in the monolithic material. Only once, 
however, have they been observed as four orthogonal cracks emanating from the 
corners of the residual impression. Radial cracks have occurred predominantly when 
the largest erodent has been used in SA, and also occasionally in ST. For the 
majority of cases only one of these surface cracks has occurred per impact,
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predominantly in an area free of lateral cracks. This effect is analogous to the 
observations around and underneath indentations. At low indentation loads the 
radial/median cracking is decreased if laterai cracking is present. In the impact 
studies these radial type cracks are not present for the smaller erodents sizes, 
although lateral cracking does occur.
5.4.2.2 Erosion Results
Examination by eye showed that much more extensive erosion had occurred 
using this type of erodent. The volume of material removed using the hard erodent 
was substantially greater than for the soft erodent. Also, the surface appeared to be 
significantly rougher.
Table 5.4 shows the results of room temperature erosion tests using the SiC 
erodent. These results are shown graphically in Figures 5.24, 5.25 and 5.26. Figure 
5.27 is a summary of these results. Figure 5.24, which is a plot of the mass lost as 
a result of erosion with the largest SiC erodent, shows that for both materials steady 
state conditions occur immediately (within the first 250 g of erodent) and continue 
throughout the tests. The monolithic silicon carbide erodes at a rate of 930 /eg g'^, 
while the composite erodes at a rate of 430 /eg g'^. Figure 5.25, which is a plot of the 
mass lost during erosion using the intermediate SiC erodent i.e. average size 250 /xm, 
illustrates that steady state again occurs immediately, however, while Hexoloy SA now 
erodes at a rate of 940 /xg g'^, i.e. virtually the same rate as with the larger erodent, 
Hexoloy ST erodes at a rate of 580 /xg g‘\  i.e. higher than previously. Figure 5.26, 
which is a plot of mass lost during erosion with the smallest SiC erodent, illustrates 
that Hexoloy ST now erodes at a faster rate than Hexoloy SA, 820 /xg g'^  as opposed 
to 770 /xg g'^. The contrasting behaviour of the monolithic ceramic and the particulate 
composite can be seen by referring to Figure 5.27. The erosion rate increases with
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increasing particle size for SA, but decreases for ST. There is a cross-over point at 
which SA and ST are predicted to have identical erosion rates in terms of mass loss. 
This occurs at a particle size of approximately 120 /xm.
Examination by eye shows that the morphology of the wear scar in SA 
produced by the largest erodent Is much rougher than for ST, while for the smallest 
erodent size the scars look quite similar. Figures 5.28, 5.29 and 5.30 show typical 
examples of the steady state erosion wear scars for the 36 (420 /xm), 60 (250 /xm) and 
150 (105 /xm) grit sizes respectively. It is apparent that the large scale fracture 
processes, as seen in the single particle impact studies, have occurred during steady 
state erosion. Figure 5.28, which corresponds to erosion using the largest size of SiC 
erodent, shows that the lengths of cracks in SA are much greater than those in ST. 
The morphology of the wear scar in ST shows smaller fractures, presumably as a 
result of crack deflection processes. The difference in the steady state erosion wear 
scars for SA and ST for the 60 grit erodent is much less marked (see Figure 5.29). 
The eroded surface of SA contains slightly larger cracks than ST, though this is not 
discernible to the naked eye. Figure 5.30 shows the SEM photomicrographs of SA 
and ST eroded with the smallest SiC erodent illustrating that no large scale cracking 
occurs in either material. The erosion rate of ST for this size of erodent is greater than 
for larger erodents, and also slightly greater than that for SA for this erodent size.
The fragmentation studies of the hard erodent have shown that for the test 
conditions presented the SiC particles do not break up to a significant degree on 
impact with the ceramic targets.
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S.4.2.3 Discussion of Erosion Behaviour
The results show that for all sizes of SiC erodent the rate of erosion is at least 
two orders of magnitude greater than for the SiOg erodent. This result is indicative of 
the change in mechanism of erosion to that predicted for the hard erodent. This 
change in mechanism has been brought about due to changes in the properties of 
the erodent. Factors such as the ratio, and changes in the density and shape 
of the erodent particle are believed to be the main reasons for the different mechanism 
of response of the target. The ratio Hp/H^  is close to one in this case and thus 
according to the predictions of Wada and Watanabe (1987a) plastic deformation may 
accompany impact. The morphology of the wear scars is consistent with the removal 
of material by lateral breakout following the elastic-plastic indentation of the target.
The occurrence of lateral cracks in the erosion process when an erodent such 
as SiC is used is illustrated by the single impact studies presented in section 5.4.2.1. 
The damage produced by the erodent particles resembles that produced by the 
Vickers indenter under quasi-static loading. This is especially true for impact of the 
largest (420 jum) and the intermediate (250 /xm) size of erodent particles on the 
Hexoloy SA.
In SA, the greatest loss occurs when the largest size of erodent (420 /xm) Is 
used. In ST the situation is reversed, with the most material loss occurring with the 
smallest erodent particles (105 /xm). Lateral cracks occurring when the material is 
impacted using the small erodent tend to grow up to the surface immediately. When 
they interact with the surface, or a near neighbour, lateral breakout occurs and 
material is lost. SEM observations have shown that slightly more material is lost due 
to a single SiC particle impacting on ST than on SA for the smallest erodent size. This 
behaviour leads to the hypothesis that the lateral cracks forming in the near surface 
region of the composite interact with the TiBg particles/SiC matrix in a similar way to
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the cracking process observed with the soft erodent, i.e. a preferential cracking path 
means iess energy is needed to produce material loss.
In SA, when the smallest erodent is used the same mechanism occurs as for 
the largest erodent only on a smaller scale. Therefore as the erodent size decreases 
the lateral crack size decreases, thus giving less erosion. This is the result predicted 
by impact theories based on quasi-static lateral crack behaviour.
in ST there is significant containment of lateral cracks for the largest erodent 
particle size. This occurs due to the toughening mechanisms Inherent in the SiC-TiBg 
material, especially crack tip deflection. This deflection process forces cracks into the 
bulk, thus inhibiting lateral crack breakout. Also when the larger particles strike the 
surface of the SiC-TiBg composite the impact load is shared by a much greater 
number of TiBg particles, i.e. the load Is spread to a greater extent and the 
macrotoughness of the composite is the erosion rate determining factor. This 
observation is consistent with the indentation studies where at high loads lateral crack 
containment occurs to a significant extent.
A number of interesting features have been observed in Figures 5.17 to 5.22. 
The ripple type effect observed around the impact zones is indicative of a plastic 
deformation component in nature the erosion process (Figure 5.19). This may be 
analogous to the plastic ploughing effect observed in metals at low angles of 
incidence. As is to be expected, the material pile up is not as obvious in the ceramic, 
as it would be in a metai, but it is present. Another interesting feature is the 
occurrence of lines inside the impact zone resembling those which occur on the faces 
of the indentation impressions. These lines are believed to be signs of plastic 
deformation along preferred crystallographic directions.
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Turning to the erosion studies, it would appear that neither material has an 
incubation period. This suggests that the same mechanism of material removal is 
occurring throughout the test. The current models of erosion which are based on 
lateral cracking generally predict that the scale of cracking would increase with the 
scale of the contact event, i.e. erosion rate would increase as erodent size increases. 
The single impact results and the steady state wear scars of Hexoioy SA both show 
this behaviour. Extensive cracking occurs for the 420 fim erodent. For all the sizes 
of SIC erodent the morphology of the wear scar in SA would appear to have been 
produced as a result of mechanisms shown schematically in Figure 5.31. Each time 
material is lost it is as a result of a lateral crack intersecting with the surface, or 
combining with another crack. The modelling of this process relies on the 
measurement of lateral crack area for each size of erodent. However, as shown in 
Figure 5.18 a large variation in material loss occurs for each size of erodent, and 
therefore quantification of the single impact results is unrealistic.
The difference between the fracture surfaces for the different size erodents is 
not as marked in ST as it is in SA. There is no extensive cracking in ST for the largest 
erodent, as is apparent in SA, while wear scars associated with the smallest erodent 
appear very similar for both materials. This is consistent with the observation that 
both materials have similar erosion rates for this size of erodent. Therefore the 
toughening properties of the TiBg particles in the SIC are important for large hard 
erodents, but have little effect for smaller erodents; in fact the presence of the TiBg 
is slightly deleterious. Figure 5.32a is a schematic illustration of the proposed erosion 
process in the composite for the largest erodent, showing lateral crack deflected deep 
into the bulk of the material. Eventually cracks coalesce and material is removed in 
a relatively large pieces. For the smallest erodent impacting the Hexoioy ST, the 
proposed mechanism is illustrated in Figure 5.32b. The indentation results for these 
materials (Chapter 4) also point to the anomalous behaviour in the composite for low
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indentation loads. While the scale of lateral cracking in the monolithic material 
increased on increasing the applied indentation load, the composite showed opposite 
behaviour i.e. there was a higher propensity for lateral cracking in ST at lower loads. 
This was shown in Figure 4.16 where lateral cracking was observed to become more 
prominent in ST than in SA for loads iess than 150 g. If one considers the predictions 
of erosion behaviour on the basis of lateral cracks resulting from quasi-static 
indentation, then reasonable agreement is achieved for both materials i.e. lateral 
cracking was relatively more prominent in ST for small indentations loads. This is an 
important result since it gives researchers a means of predicting erosion behaviour in 
composite materials; a previously unattainable target.
Unlike erosion using SiOg particles, the silicon carbide particles do not 
fragment when they strike the target surface. This is probably due to the particles 
having similar mechanical properties to the target materials, and inherently containing 
fewer flaws as a result of processing.
5.4.2.4 Summary of the Room Temperature Erosion Behaviour with the Hard Erodent 
Lateral crack dominated mechanisms control the erosion behaviour for both 
materials using ail sizes of erodent. Hexoioy SA follows the predicted behaviour which 
suggests an increased erosion rate with larger erodents. This increased erosion rate 
is a direct result of the production of larger lateral cracks for the bigger erodents. 
However, while for the large erodent particles the toughening effect of the titanium 
diboride, in Hexoioy ST, inhibits lateral crack growth, for the smallest erodent the 
smaller lateral cracks which form, can grow preferentially along the TiBg/SiC interface 
and therefore extend at a faster rate. These results are in line with predictions made 
on consideration of the indentation behaviour of the two materials, particularly 
considering lateral formation.
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5.4.3 ELEVATED TEMPERATURE EROSION - SOFT ERODENT
5.4.3.1 Effect of Thermal Cycle In Absence of Erodent
The 1000 °C thermal cycle without erosion was found to cause oxidation of 
both materials, though the effect was more marked in the composite. A typical 
composite test piece of mass 10 g increased in mass by 1.1 mg whereas a silicon 
carbide specimen did not change in mass, within the limits of accuracy of weighing. 
The surface areas of the specimens were about 18.5 cm^ and the time at temperature 
was 2.5 hours. This gives an approximate oxidation rate for ST of 24 /tg cm'^ h"\ 
SEM and electron probe microanaiysis showed that a thin film of silica had formed on 
the silicon carbide and the composite. In addition, oxidation of the titanium diboride 
particles in the composite had occurred. Figure 5.33 shows SEM photomicrographs 
of the typical regions of the previously polished surfaces of the two specimens after 
the 1000 °C thermal cycle. The nature of the outcrops, which are directly on top of 
the TiBg particles in ST, was investigated using the EDX facility on the transmission 
electron microscope. They were found to consist of titanium and oxygen: the form of 
titanium oxide, however, could not be identified.
5.4.3.2 Erosion Behaviour
At room temperature the behaviours of the two materials are identical within 
the limits of accuracy of weighing (±0.1 mg). The rate of erosion is about 0.3 g'^
of erodent. Figure 5.34 shows the results of allowing a total of 5 kg of silica to erode 
both materials.
Examination by eye of the eroded samples shows that the specimen surface 
is disrupted In a region of about 15 mm diameter, with the central 5-10 mm showing 
the most damage. Figure 5.35 shows SEM photomicrographs of typical regions inside 
the central region. Although the two materials have lost the same mass of material
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the worn surfaces display some differences. The damage is more localised in the 
silicon carbide (SA) compared to the composite (ST). Relatively large, deep patches 
of material have been removed whereas in ST the damage is shallower, but more 
evenly spread over the surface. In both cases there is little evidence of plastic 
deformation.
The elevated temperature results for both SA and ST are summarised in Table 
5.5. Up to 700 °C the behaviour of the two materials is very similar to that at room 
temperature. Erosion by 3 kg of sand produces a total mass loss of 0.9 mg, i.e. 0.3 
fig g'^  as before. Ail three tests produced very similar results. Between 700 °C and 
800 °C the situation changes. At 800 and 1000 °C the amount of material lost by 
the composite has increased to 0.8 - 0.9 fig g‘  ^of erodent, which is significantly higher 
than before. The mass loss of the monolithic SIC does not change from that observed 
at the lower temperatures. These results are shown graphically in Figure 5.36.
At ail temperatures above room temperature it was noticed that the surfaces 
of the silicon carbide and the composite material had changed. Examination by eye 
revealed them to be paler in colour in regions away from the wear scar and both had 
lost their mirror finish. These changes were thought to be due to oxidation. SEM 
observation of the worn surfaces showed them to have a different appearance than 
the room temperature specimens. As the temperature of the test increased then so 
did the "plastic" nature of the wear scar. Figure 5.37 shows SEM photomicrographs 
of areas within the central regions of the 1000 °C specimens. Evidence of brittle 
fracture was iess apparent though small fragments of material were seen adhering to 
the surfaces of both types of material. The base materials have surfaces that are 
characteristic of easily deformable or viscous coatings, which is consistent with the 
formation of a thin layer of silica at elevated temperatures. The SIC - TiBg material 
displayed outcrops of a crystalline phase after testing at 800 °C and 1000 °C.
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Again, fragmentation of the silica erodent occurs during tests. Evidence of 
fragmentation is shown in the photomicrographs where small pieces were seen 
adhering to the surface, even after ultrasonic cleaning. Quantification of the ievei of 
fragmentation for this series of experiments has not been accomplished since the 
collection of the erodent after testing in the high temperature rig was not practical.
S.4.3.3 Discussion of Erosion with SlOg Erodent
The room temperature erosion rate of 0.3 fig g'^  for both materials indicates 
that they are both very erosion resistant. The appearance of the room temperature 
wear scars for these materials, although for a lower velocity, is similar to those 
examined in section 5.4.1. The results presented in section 5.4.1.2 showed that for 
a gas velocity, and therefore assumed particle velocity, of 200 m s'^  SA eroded at a 
rate of 2.4 [ig g'^  while ST eroded at a rate of 4.8 fxg g" .^ Therefore the decrease in 
velocity has affected the erosion results substantially, in a similar way to that 
described for erosion of SA using the smallest erodent at 200 m s'^, the erosion is 
very much surface localised and material is lost due to isolated fractures with no 
detectable grain loosening occurring. At this low gas velocity the TiBg particles have 
no effect on the rate.
Comparison of the results of the room temperature experiments on the two 
different rigs allows a crude estimate of the velocity exponents, n. If the wear rate, V, 
is proportional to velocity, v, to the power n, then, V., « v /  and Vg « Vg". Therefore 
log(V.|A/2) / (v/Vg) = n. Using the experimental values of velocity and wear rate 
the exponent for SA is calculated to be 1.98 and for ST is 2.64. Therefore the values 
of n are close to that predicted by the current models of erosion, i.e 3.2 for the Evans 
et al (1978), 2.4 for that of Ruff and Wiederhorn (1979) and 2 for the Ritter model 
(1984). The value of n for SA is closer to that predicted by the Ritter model than ST.
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Considering the difference between the experimental conditions of the two velocities, 
i.e. different erosion rigs, approximate particle velocities, different fluxes, to name but 
a few, the results are quite encouraging.
It is not easy to differentiate between the two materials for tests using this 
combination of particle size and velocity. The addition of titanium diboride to the 
silicon carbide matrix does makes no difference to the mass of material removed at 
this erodent particle size. However the slightly higher density of the composite (3300 
kg m'^ compared to 3100 kg m'® for the silicon carbide) means that a marginally 
smaller volume of material is removed from the composite. This difference in wear 
scar volume would be difficult to detect given the small amount of material lost and 
the difference in wear scar morphology.
The wear scars of SA eroded with silica at high temperatures are difficult to 
analyse. The few large pieces of material adhering to the specimen surface could be 
fragments of erodent or wear debris removed from the target. The presence of these 
even after ultrasonic cleaning suggests that they must be firmly bonded to the 
substrate, presumably through embedding themselves when the substrate was softer. 
The underlying material has a very even surface which is consistent with the formation 
of a thin oxide layer, as observed in the thermal cycle in the absence of erosion. 
Oxidation alone did not give a measurable mass loss so the loss of mass recorded 
in ail experiments conducted at elevated temperature must be due to the action of the 
erodent, either in removing the oxide or base material. The mechanism of removal, 
however, is not clear.
Exposure to the 1000 °C temperature cycle in the absence of erodent caused 
the composite specimen to gain 1.1 mg in mass i.e. to oxidise at about 24 ju.g cm'^ h '\ 
These oxidation results are in reasonable agreement with McMurty et al (1987), who
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gave initial oxidation rates of 0 and 20 /ig cm'^ h'^  for silicon carbide and the 
composite respectively in static air at 1288 °C. it should be noted that initial oxidation 
rates are much higher than rates averaged over a longer period. Composite oxidation 
rates of 0 and 0.1 j^ g cm'^ h'^  for 200 hour tests at 800 °C and 1000 °C respectively 
were also recorded by these workers. However, the oxidation of the composite, and 
a subsequent decrease in fracture toughness, at 800 °C was noted by Jenkins et al 
(1987).
Elevated temperature erosion, however, causes the composite to lose weight 
and a change in behaviour is observed between 700 °C and 800 °C. At 800 °C and 
above the composite loses 0.8-0.9 fig g'^  compared to 0.3 fig g'^  at 700 °G and below. 
At the two higher test temperatures, and during the thermal test, outcrops of titanium 
oxide are formed. Those on the eroded specimens are not as developed as those on 
the specimen subjected to thermal cycle only. Thus, it is suggested that the titanium 
diboride particles oxidise at 800 °C, and above, and that the oxide is preferentially 
removed (possibly causing further oxidation to occur). Removal of the titanium 
diboride particles will undermine the remaining silicon carbide matrix. The oxide left 
in the wear scars is probably partially eroded oxide, or the result of growth during the 
cooi-down period after erosion, and this would explain why it is not so developed as 
that on the control specimen.
S.4.3.4 Summary of the Elevated Temperature Erosion Behaviour with the Soft Erodent 
The erosion behaviours of Hexoioy SA and ST differ only when the test 
temperature is in excess of 700 °G. Whilst SA behaviourdoes not change above this 
temperature, the erosion rate of the composite rises significantly. The preferential 
removal of the outcrops of titanium oxide and thus the titanium diboride particles is 
believed to be the underlying reason for the difference in the two materials.
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5.4.4 ELEVATED TEMPERATURE EROSION - HARD ERODENT
5.4.4.1 Erosion Results
The results of the elevated temperature erosion of both materials using the 
largest silicon carbide particles (420 fim) are presented in Table 5.6. These results are 
illustrated graphically in Figure 5.38. When using this type of erodent both materials 
show an increase in the erosion rate at higher temperatures, unlike the case for the 
SiOg erodent. However, in contrast to erosion using the soft erodent, the 
untoughened material (SA) erodes at a higher rate than the composite (ST) for ail 
temperatures. The erosion rate of Hexoioy SA increases from approximately 50 fiQ g"^  
at room temperature to about 240 fig g'^  at 1000 °C, while for Hexoioy ST it increases 
from 35 fig g"^  at room temperature to about 180 fig g'^  at 1000 °C. The wear scars 
of SA and ST, corresponding to erosion at room temperature, 600, and 1000 °C, are 
presented in Figures 5.39 and 5.40. While for both materials the morphologies of the 
wear scars have not altered significantly on increasing the temperature, the "plastic" 
nature of the erosion wear scar appears to have been enhanced slightly.
When eroding the materials using the SIC erodent a problem which was 
recognised was the effect of damage on the inside of the tube. This was having a 
progressively profound effect on the results. This problem was not apparent in the 
room temperature results since for these tests the glass tube was replaced after each 
test. Figure 5.41 shows the effect of the SiOg and SIC erodents on the inside of the 
silica tube, and also the appearance of the tube prior to any erodent passing through 
it. The inside of (a) an uneroded tube, (b) a tube through which 1 kg of silica erodent 
had passed, and (c) a tube through which 1 kg of SiC erodent had passed, are shown 
in this figure. The inside of the tube used for erosion tests with SiC erodent has been 
extensively eroded, with large asperities present. The morphology of the inside of the 
tube with SiC as the erodent showed that significantly greater erosion had occurred 
than for the tube when SiOg was the erodent.
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5.4.4.2 Discussion of Erosion Behaviour
An explanation of the scatter in erosion results for elevated temperature tests 
when using the SiC erodent is required. Spurious results and a complete lack of 
reproducibility were observed when using this erodent with the high temperature rig. 
This problem was not apparent when testing with the soft erodent, and therefore it 
was deduced that the SiC particles were having an effect the inside of the silica tube. 
Shipway et al (1992) noticed this effect in metal nozzles. They proposed that the fast 
moving erodent particles were interacting with the sides of the tube with the result that 
these particles were emerging from the exit nozzle with significantly lower velocities. 
The lower than expected velocity, in turn, led to lower erosion rates. Although the 
nozzle material in this study was pure silica, it was believed that the same mechanism 
was occurring. Therefore in order to obtain repeatable results the quartz tube needed 
to be monitored frequently, and changed regularly. The ASTM standard states that 
the tube should be replaced if the internal diameter of the nozzle increases by 10 %. 
For the high temperature erosion apparatus it was not possible to change the tube 
after each test. Therefore it was decided that a new tube be used for each 
temperature with the hard erodent. However, even over the course of the 4 tests at 
each temperature, i.e. 8 kg of erodent, it was clear that the erosion rate would be 
affected. The first test result, generally, is higher (see Table 5.6), though at 1000®C 
the difference for SA appears spurious. This fact is as yet unexplained, but due to 
problems with the high temperature apparatus no further testing was possible to verify 
the results.
In a similar way to that presented with the soft erodent results the velocity 
exponents for the room temperature tests have been calculated for this erodent, and 
are 2.5 for SA and 2.76 for ST. These results for both materials are close to those 
predicted by the eiastic/plastic models of erosion (Evans et al, 1978 and Ruff and 
Wiederhorn, 1979). Again, as for the soft erodent, although these values contain
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errors due to different experimental conditions, they are the right order of magnitude.
For both SA and ST, as the temperature is increased the erosion increases. 
As the temperature is increased the materials become softer and impressions would 
be expected to be bigger. Firstly, considering the quasi-static indentation process, 
if the temperature rises then size of the plastic zone would be larger, and thus the 
residual stress driving the development of lateral cracks would be higher. Naylor and 
Page (1981) have observed that both radial and lateral cracks increased in size with 
increasing temperature for a number of ceramic materials. Including pressureless 
sintered SiC. Therefore, considering high temperature dynamic impacts then this 
situation is likely to be repeated, i.e. the higher the temperature the greater the 
propensity for lateral cracking in both materials, and the higher the wear rate.
It appears that the toughening effect of the TiBg particles shown at room 
temperature initially increases at 400 °C but then decreases on increasing the 
temperature further. As the temperature increases the residual stresses present in the 
TiBg/SiC composite, due to the mismatch in the coefficients of thermal expansion, 
become partially relieved. This may have the effect of reducing the toughening 
increment of the composite. This hypothesis is supported by the bend test results of 
Jenkins et al (1987) and Brett and Bowen (1992) who showed decreasing toughness 
at elevated temperatures.
in ST the residual stresses are being reduced as the temperature is increased, 
and so the toughening increment over SA is being reduced, if these processes are 
occurring then it would be expected that SA and ST results would become similar at 
high temperatures. The results of this study are in general agreement with this until 
1000 °C, which could be a spurious result or a change in mechanism. However, this 
cannot be investigated further in this study, and could be a study of future work.
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An Important aspect of the high temperature erosion tests with the hard 
erodent is that the oxidation of the TiBg particles has a negligible effect on the erosion 
rate at the higher temperatures, unlike for the soft erodent.
5.4.4.3 Summary of Elevated Temperature Erosion with the Hard Erodent
in SA it is postulated that increasing the temperature has the effect of 
encouraging lateral crack growth due to an increase in plastic zone size. In ST the 
same mechanism occurs as in SA, only the TiBg particles appear to become less 
effective as toughening agents. This occurs to such an extent that at high 
temperatures their erosive properties appear to become similar. This hypothesis 
needs to be verified with further testing since during this project the constraints were 
such that no further high temperature tests could be performed.
5.5 CONCLUSIONS
it Is clear that the mechanism of erosion is dependent on the type of erodent 
used. In this study the hard erodent (SIC) produces lateral cracking in the specimens 
resulting in extensive material loss, while the soft erodent (SiOg) produces cracks on 
a microstructural scale resulting in much less material loss.
The room temperature erosion experiments show that both materials are 
extremely resistant to impact of erodents significantly softer than themselves, in SA 
material is removed by small scale cracking along grain boundaries while in ST grain 
boundary cracking and cracking along the TiBg/SiC interface causes material loss. 
Hexoioy SA is much more erodent size dependent than ST, although for the largest 
erodent size range the rates are similar. An incubation period occurs in SA before 
steady state erosion is reached, but not in ST. It has been postulated that a grain 
loosening mechanism occurs in SA until the grains can be easily removed. In ST
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material is removed at a constant rate throughout with no grain loosening occurring.
The room temperature experiments using SiC erodent showed that material 
removal is dominated by lateral cracking. In SA, the larger the erodent the larger the 
lateral cracks (c.f. indentation, Chapter 4) and therefore the greater the erosion rate. 
In ST, however, the erosion rate is lower for the larger erodent particles due to the 
increased toughening effect of the TiBg particles (c.f. lateral cracks in indentation. 
Chapter 4). For the small erodent the lateral cracks appear to grow preferentially 
along the TiBg/SiC interface in ST and therefore the erosion rate is greater.
in the elevated temperature tests with the silica erodent, room temperature 
erosion is governed by purely mechanical material removal processes. At 
temperatures in excess of 700 °C chemical processes are present as well as 
mechanical ones. At high temperatures, therefore, the presence of TiBg is detrimental 
to the erosion properties since it forms an oxide which is removed readily.
The erosion rate steadily increases with increasing temperature for both 
materials when the SiC erodent is used. The higher temperature appears to increases 
the propensity for lateral cracking in both materials. The composite loses some of its 
erosion resistance at the higher temperatures probably due to the relief of the residual 
stresses at the particle/matrix interface. This relief makes crack deflection and other 
toughening processes less likely to occur, and therefore has the effect of 
'untoughening' the composite. Oxidation has little, or no effect on the erosion rate.
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Table 5.1a: Erosion results for SA using SiOg erodent.
SA MASS LOSS 
(mg)
AMOUNT OF ERODENT
(g)
180 - 250 |jim 250 - 500 liin 500 - 710 |Jim
1 2 3 1 2 3 1 2 3
250 0.3 0.2 0.3 0.4 0.5 0.2 0.4 0.6 0.5
500 0.9 0.7 0.8 1.9 1.7 1.5 5.0 5.8 4.9
750 1.3 1.3 1.2 3.0 2.9 2.8 8.2 9.8 8.3
1000 1.9 1.9 1.7 3.9 4.0 4.0 10.3 12.0 10.6
1500 2.7 2.7 2.5 5.5 5.8 6.0 14.3 15.6 14.6
2000 3.5 3.5 3.3 7.1 7.4 7.6 17.9 19.0 18.2
3000 5.1 5.1 4.9 9.9 10.2 10.4 24.3 25.5 24.6
4000 6.7 6.7 6.7 12.7 13.0 13.2 30.8 31.8 31.0
Table 5.1b: Erosion results for ST using SiOg erodent.
ST MASS LOSS 
(mg)
AMOUNT OF ERODENT
-  (g)
180-250 {Jim 250 - 500 {Jim 500 - 710 (Jim
1 2 3 1 2 3 1 2 3
250 1.1 1.1 1.2 1.1 0.8 0.9 1.6 1.5 1.4
500 2.4 2.3 2.5 2.3 2.1 2.3 2.9 2.9 2.9
750 3.6 3.5 3.7 3.9 3.3 3.8 3.7 4.4 4.2
1000 4.8 4.7 4.9 5.1 4.5 5.0 5.0 6.1 5.7
1500 7.0 6.9 7.1 7.5 6.9 7.4 7.8 8.9 8.5
2000 9.2 9.1 9.3 9.9 9.3 9.8 10.4 11.5 11.1
3000 13.6 13.5 13.7 14.7 14.1 14.6 15.6 16.7 16.3
4000 18.0 17.9 18.1 19.5 18.9 19.4 20.8 21.9 21.5
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Table 5.2: Erosion "cell" diameters recorded from steady state wear scars after
impact by SiOg erodent.
MATERIAL AVERAGE CELL SIZE 
(pm)
180 -250 pm 250 -500 pm 500-710 pm
SA 43 140 170
ST 25 30 40
For ail erodent sizes the large holes » 80 pm
Table 5.3: Results of sieve analysis of SiOg erodent before and after erosion
SIEVE SIZE 
(pm)
180 - 250 pm 250 - 500 pm 500 - 710 pm
before
(%)
after
(%)
before
(%)
after
(%)
before
(%)
after
(%)
710 - - - - 10.5 1.5
500 - - - - 59.0 19.7
400 - - 21.9 - 18.7 17.1
355 - - 27.3 1.4 2.4 8.4
300 - - 35.0 4.0 4.3 12.3
250 - - 7.2 14.2 2.1 9.9
200 72.2 14.7 4.9 16.2 1.7 9.3
150 25.5 41.8 3.3 39.6 0.9 8.9
100 1.9 24.5 0.5 14.5 0.3 7.3
catcher pan 0.4 19.0 - 10.2 - 5.8
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Table 5.4a: Erosion results for SA using SiC erodent.
SA MASS LOSS 
(mg)
AMOUNT OF 
ERODENT
.........(g)
150 grit (105 jam) 60 grit (250 jjim) 36 grit (420 |jim)
1 2 3 1 2 3 1 2 3
250 183 193 188 234 237 232 213 225 230
500 382 398 380 478 480 470 445 470 455
750 575 585 570 718 723 693 675 715 688
1000 768 780 765 963 960 913 910 960 923
1500 1150 1165 1155 1433 1435 1373 1380 1445 1390
2000 1538 1550 1540 1900 1905 1835 1848 1928 1858
3000 2305 2318 2313 2850 2825 2775 2800 2900 2800
Table 5.4b: Erosion results for ST using SiC erodent
ST MASS LOSS 
(mg)
AMOUNT OF 
ERODENT
(g)
150 grit (105 pm) 60 grit (250 jam) 36 grit (420 jam)
1 2 3 1 2 3 1 2 3
250 198 223 203 130 148 140 90 103 100
500 388 435 410 280 308 293 193 213 213
750 599 658 613 420 450 438 300 330 328
1000 794 853 818 569 610 583 410 440 435
1500 1200 1253 1225 862 904 875 628 658 655
2000 1571 1655 1630 1165 1208 1170 840 873 870
3000 2390 2455 2433 1754 1793 1760 1273 1300 1300
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Table 5.5: Elevated temperature erosion results of SA and ST using SiOg erodent
(N.B. the number in parenthesis denotes the number of the test).
MATERIAL EROSION RATE 
im  9' )^
25 °C 400 ®C 700 ®C 800 °C 1000®C
SA (1) 0.3 0.3 0.3 0.3 0.3
(2) 0.3 0.3 0.3 0.3 0.3
(3) 0.3 0.3 0.3 0.3 0.3
ST (1) 0.3 0.3 0.3 0.9 0.8
(2) 0.3 0.3 0.4 0.9 0.8
(3) 0.3 0.3 0.3 0.8 0.9
Table 5.6: Elevated temperature erosion results of SA and ST using SiC erodent
(N.B. (i) the superscripts denote the order in which the tests were 
performed with a new silica tube, (ii) the number in parenthesis denotes 
the number of the test).
MATERIAL EROSION RATE
(ng g'"*)
25 °C 400 °C 600 °C 800 °C 1000°C
SA (1) 126^ 142? 1602 293?
(2) 47^ 140^ 132^ 1392 186^
ST (1) 45^ 81^ 81^ 120^ 1862
(2) 40^ 64^ * 91^ 96^ 167^
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Glass Nozzle
Hopper
Gas Supply
Specimen
Catcher Pan
Figure 5.1 : Schematic illustration of the room temperature erosion apparatus.
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400 pm
Figure 5.2: SEM photomicrograph of silica erodent. Note that particles are
rounded.
400 pm
Figure 5.3: SEM photomicrograph of silicon carbide erodent (420 pm). Note the
faceted appearance of the particles.
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PLASTIC
PIPE
Figure 5.4: Schematic illustration of the high temperature erosion apparatus.
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Figure 5.5: Areas of single and multiple particle impact in SA with the 500 - 710 urn
SiOg erodent. These photomicrographs have been recorded in regions 
at the periphery of the main erosion scar.
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20 urn
10 lam
Figure 5.6: Areas of single and multiple particle impact in ST with 510 - 700 |jm
SiOg erodent. These photomicrographs have been recorded in regions 
at the periphery of the main erosion scar.
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Figure 5.7: Graph of erosion results for 500 - 710 SiOg erodent for both
materials.
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Figure 5.8: Graph of erosion results for 250 - 500 pm SiOg erodent for both
materials.
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Figure 5.9: Graph of erosion results for 180 - 250 pm SiOg erodent for both
materials.
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Figure 5.10: Graph of erosion rate versus SiOg erodent particle size for both 
materials. ( PoiàtS re(>resent rnimmium jbartcclD.. ctLCuneberJ
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400 um
400 pm
Figure 5.11 : Typical SEM photomicrographs of the steady state wear scars of (a) SA
and (b) ST for erosion using 500 - 710 pm SiOg erodent.
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400 Jim
400 um
Figure 5.12: Typical SEM photomicrographs of the steady state wear scars of (a) SA
and (b) ST for erosion using 250 - 500 pm SiOg erodent.
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400 pm
400 pm
Figure 5.13: Typical SEM photomicrographs of the steady state wear scars of (a) SA
and (b) ST for erosion using 180 - 250 pm SiOg erodent.
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Figure 5,14: Schematic illustration of erosion of Hexoloy SA using SiOg erodent.
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100:
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100
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1000
Figure 5.15: A plot of log (cell diameter) versus log (particle radius) for both SA and 
ST.
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Figure 5.16: Schematic illustration of erosion of Hexoloy ST using SiOg erodent.
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40 pm
■ A m .
■ *■ :
Figure 5.17: Areas of single particle impact in SA using the 420 pm SiC erodent.
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40 um
Figure 5.18: Areas of single particle impact in ST using the 420 pm SiC erodent.
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Figure 5.19: Areas of single particle impact in SA using the 250 pm SiC erodent.
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20 pm
20 pm
Figure 5.20: Areas of single particle impact in ST using the 250 pm SiC erodent.
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w t
20 pm
Figure 5.21: Areas of single particle impact in SA using the 105 pm SiC erodent.
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20 pm
Figure 5.22: Areas of single particle impact in ST using the 105 pm SiC erodent.
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Figure 5.23: Low magnification RLM photomicrographs of (a) SA and (b) ST after 
multiple particle impact with the same mass of 105 pm SiC erodent 
particles.
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Figure 5.24: Graph of erosion results for 420 pim SIC erodent for both materials.
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Figure 5.25: Graph of erosion results for 250 pm SIC erodent for both materials.
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Figure 5.26: Graph of erosion results for 105 pm SiC erodent for both materials.
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Figure 5.27: Graph of erosion rate versus SiC erodent particle size for both 
materials.
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Figure 5.28: Typical SEM photomicrographs of the steady state wear scars of (a) SA
and (b) ST for erosion using 420 pm SiC erodent.
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100 pm
100 pm
Figure 5.29: Typical SEM photomicrographs of the steady state wear scars of (a) SA
and (b) ST for erosion using 250 pm SiC erodent.
172
Chapter 5: Erosion Behaviour
100 um
100 um
Figure 5.30: Typical SEM photomicrographs of the steady state wear scars of (a) SA
and (b) ST for erosion using 105 pm SiC erodent.
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Figure 5.31 ; Schematic illustration of erosion of Hexoloy SA using the 420 pm SiC 
erodent.
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I
b I
Figure 5.32; Schematic illustration of erosion in Hexoloy ST using (a) 420 pm 
erodent and (b) 105 pm erodent.
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m
Figure 5.33: SEM photomicrographs of previously polished surfaces of (a) SA and
(b) ST after the 1000 °C  thermal cycle in the erosion rig.
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Figure 5.34: Room temperature mass loss as a function of amount of SiOg erodent 
for SA and ST.
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40 pm
40 pm
Figure 5.35: SEM photomicrographs of typical areas of the centre of the room 
temperature wear scars for the SiOg erodent in (a) SA and (b) ST.
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Figure 5.36: Mass loss as a function of temperature for SA (+) and ST (*) for the
SiOg erodent.
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10 pm
Figure 5.37: SEM photomicrographs of the centre of the 1000°C wear scar in (a) SA 
and (b) ST.
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Figure 5,38: Mass loss as a function of temperature for SA (m) and ST for SIC 
erodent.
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Figure 5.39: SEM photomicrographs of typical areas of the (a) room temperature, 
(b) 600 °C and (c) 1000 °C wear scars in SA.
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40 nm
Figure 5.40: SEM photomicrographs of typical areas of the (a) room temperature, 
(b) 600 °C and (c) 1000 °C wear scars in ST.
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20 urn
1
Figure 5.41 : The morphology of the inside of (a) an uneroded silica tube, (b) a tube 
through which 1 kg of SiOg erodent has passed and (c) a tube through 
which 1 kg of SiC erodent has passed.
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6. CONCLUSIONS
The major aim of this study was to understand the effect that TiBg particles 
have on the erosion resistance of silicon carbide over a range of conditions. This aim 
has been achieved by performing work in three areas, namely microstructural 
examination, indentation and erosion testing.
The microstructures of Hexoloy SA and ST have been characterised using 
standard techniques. ST has a more uniform grain size since the TiBg particles pin 
the SiC grain boundaries during sintering. The occurrence of holes in the 
microstructure has been attributed primarily to grain pull-out during polishing. This 
occurs due to the weakness at the grain boundaries, in SA, and the TiBg-SiC interface, 
in ST, as a result of the presence of residual thermal stresses.
The response of these materials to quasi-static indentation, using a sharp 
indenter, has been studied. The resultant elastic/plastic response has been 
characterised. The hardness and indentation fracture toughness have been evaluated 
over a range of indentation loads. The materials have a similar hardness (a Vickers 
hardness number of approx. 2700 for a 1000 g load), but ST is up to 60% tougher 
than SA. The onset of radial/median cracking is delayed in ST relative to SA, but in 
both materials there is a complex relationship between radial/median and lateral 
cracks with the result that lateral cracking does not increase with increasing radial 
cracking contrary to the assumptions of the elastic/piastic models of erosion. Lateral 
cracks have been investigated over a range of loads and the results showed that for 
ST at low indentation loads these cracks were more predominant than in the 
monolithic material. This suggested that the composite may show an anomalous 
dependence on erodent size during erosion testing.
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The erosion behaviour of SA and ST has been evaluated for silica and silicon 
carbide erodents at room temperature for different sizes of erodent. Erosion with a 
soft erodent causes much less damage than that observed with the hard erodent. For 
the silica erodent SA showed much greater size dependence than ST, with the steady 
state erosion rate varying from 1.6 fig g'^  for the smallest erodent size range (180 - 
250 ixir\) to 6.4 i^g g'^  for the iargest erodent size (500 - 710 jam) for SA, while ST 
varied from 4.4 jag g'^  to 5.2 jag g'^  for the same erodent size range. The erosion wear 
scar of SA was defined by a "cell-like" structure due to a number of SiC grains being 
removed per impact. The cell diameter has been related to the Ritter model of erosion 
and reasonably good agreement been found. A grain loosening mechanism has been 
observed in SA for the intermediate and large erodent sizes. The erosion has 
progressed through grain boundary cracking, the initial loosening/cracking being 
necessary before the ceils could be removed. In ST, grain boundary cracking and 
cracking at the TiBg - SiC interface has resulted in steady state erosion occurring 
immediately with no prior loosening.
Single impact behaviour has illustrated conclusively that erosion using the SIC 
carbide proceeds through material loss resulting from lateral cracks. The size of the 
lateral cracks, while erodent size dependent, was difficult to quantify due to the large 
spread in results. The erosion rate of SA varies from 770 jag g'^  for the smallest 
erodent (105 jam) to 930 jag g"^  for the largest erodent (420 jam). However the erosion 
rate of ST varies from 820 fig g'"’ for the smallest erodent to 430 jag g‘  ^ for the largest 
i.e. the opposite dependence to SA, and to what is predicted by the existing models 
of erosion. The results for the largest erodent show a dependence similar to that 
predicted by the elastic-plastic models of erosion considering the difference in 
toughness of the materials. However, the smallest erodent produces results indicative 
of the interaction of the smaller lateral cracks with the TiBg particles. This is consistent 
with the behaviour of ST under quasi-static loading.
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The erosion resistance of the composite has been observed to be extremely 
size dependent For large indentation loads/large erodents/large cracks where 
macrotoughness is important, the erosion resistance is higher for the composite than 
the monolithic. However for small indentation loads/small erodents/smail cracks 
where the microtoughness is important, the erosion resistance Is predominantly worse 
than for the monolithic material. The main cause of this behaviour is the presence of 
a weak interface between the TiBg particles and the SiC matrix.
Elevated temperature studies using silica have shown oxidation to be a 
problem for ST, but not for SA. The magnitude of the erosive wear of SA is 
independent of temperatures, up to 1000 °C, while the ST erosive wear loss is nearly 
three times greater at temperatures over 800 °C. In ST the erosion process is 
controlled by chemical processes, rather than mechanical ones. An oxide forms on 
the TiBg particles and is preferentiaiiy removed by the impinging erodent particles 
resulting in increased erosion rates.
Elevated temperature studies using SIC erodent have shown that the erosion 
rate increases for both materials at higher temperatures. This is believed to be due 
to the augmentation of the propensity for lateral cracking at higher temperatures due 
to the more 'plastic' nature of the materials. At the high temperature it appears that 
the erosion rate of SA and ST become simiiar. It has been postulated that in ST, the 
high temperatures reduce the residual stresses, present due to the mismatch in the 
coefficients of thermal expansion of the particles and the matrix, to such an extent that 
the toughness is reduced, and thus the resistance to erosion is also reduced. The 
oxidation of TiBg does not appear to affect the mechanical removal of the material 
under these conditions.
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It can be concluded that the presence of TIBg affects the erosion rate of silicon 
carbide over a range of conditions. It has a beneficial, or neutral, effect when the 
erodent is large i.e. > 120 jam, and at moderate temperatures i.e. up to approximately 
700 °C. Under other conditions the composite shows lower erosion resistance than 
the monolithic material.
A task of the project was to evaluate the use of quasi-static indentation in the 
prediction of the erosive wear performance of these materials. It has been shown that 
erosion by silicon carbide erodent produces elastic-plastic contacts and material loss 
progresses by lateral cracking. Quasi-static indentation has proved to be a useful tool 
for predicting behaviour under these conditions and highlighted the potential 
anomalous behaviour of ST at low loads/small erodent sizes. Indentation using the 
sharp indenter was not applicable to the case of the soft erodent, although other 
indentation techniques may prove to be more useful.
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7. FUTURE WORK
7.1 INTRODUCTION
While the general aims of the project have been met a number of areas which 
require further study have been identified. Brief outlines of four areas of future work 
are given in this section.
7.2 THE USE OF INDENTATION IN PREDICTING EROSIVE WEAR
Indentation has proved a useful tool when a comparatively hard erodent is 
used at room temperature. Elevated temperature indentation testing would prove 
useful for attempting to predict temperature effects when using this type of erodent. 
However, for a soft erodent, such as silica, which is more likely to be present in- 
service, no means of rate prediction has been investigated, other than single particle 
impact. It may be useful to use a blunt indenter as a research tool for this area of 
work.
7.3 INVESTIGATION OF THE SUB-SURFACE ZONES OF INDENTATIONS 
AND EROSION WEAR SCARS
Work is necessary to characterise lateral cracking below indentations and to 
establish the effect of the erodent particles on the sub-surface area of the eroded wear 
scar. A useful tool, which has recently become more widely used in the ceramics field 
is that of Confocal Laser Scanning Microscopy (CLSM) (Powell, Yeomans and Smith, 
1993). This technique could be useful for analysis of materials eroded by both soft 
and hard erodents, i.e. the grain loosening mechanism could be investigated for soft 
erodents while plastic deformation could be investigated for hard erodents.
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7.4 HIGH TEMPERATURE EROSION TESTING
The effect of temperature on the erosion resistance of these materials is an 
important factor which needs more investigation for both soft and hard erodents. This 
study has highlighted some areas of interest and observations such as the increased 
erosion rate above 700 °C for the soft erodent, due to the presence of an oxide 
growing on the surface, and also the reduction in erosion toughness of the composite 
at high temperatures are both worthy of further investigation.
7.5 EROSION TESTING OF OTHER PARTICULATE TOUGHENED SYSTEMS
In order to assess whether, or not, the results of this study are generic in 
nature, it is necessary to perform erosion tests on other systems containing a simiiar 
volume fraction of a particulate second phase. Attention would need to be paid to the 
residual stress state of the composite as this is iikely to be a major influence on the 
lateral cracking.
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APPENDIX I
Table A1 : Indentation toughness results for Hexoloy SA for a range of Indentation
loads, (average values for 10 Indentations). Toughness values are In 
MPa
EQUATION
NUMBER
INDENTATION LOAD
(g)
300 500 1000 2000
1 1.02 1.13 1.16 1.25
2 1.96 2.17 1.84 1.80
3 2.97 3.30 2.38 1.89
4 3.14 3.48 2.95 2.88
5 3.28 3.69 3.43 3.45
6 3.33 3.75 3.64 3.78
7 1.92 2.16 1.89 1.91
8 2.21 2.49 2.17 2.19
9 3.63 4.08 3.54 3.55
10 3.76 4.23 3.63 3.62
11 2.26 2.64 2.95 3.46
12 3.32 2.70 2.69 2.98
13 2.12 2.40 2.12 2.16
14 2.42 2.72 2.36 2.37
15 2.58 2.89 2.49 2.47
16 3.28 3.68 3.70 4.00
17 4.49 5.05 5.07 5.48
18 4.07 4.51 4.42 4.66
19 2.49 2.83 2,15 2.05
20 2.15 2.41 2.24 2.33
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Table A2: Indentation toughness results for Hexoloy ST for a range of Indentation
loads, (average values for 10 Indentations). Toughness values are in 
MPa
EQUATION
NUMBER
INDENTATION LOAD
(g)
300 500 1000 2000
1 1.27 1.28 1.35 1.41
2 3.42 3.18 2.94 2.55
3 5.13 4.89 4.58 3.75
4 5.47 5.09 4.70 4.09
5 4.34 4.56 4.84 4.77
6 4.50 4.67 4.90 4.89
7 3.30 3.23 3.09 2.75
8 3.79 3.71 3.55 3.16
9 6.25 6.06 5.75 5.10
10 6.62 6.38 6.01 5.27
11 2.71 3.16 3.65 4.07
12 3.37 3.74 4.00 4.01
13 3.62 3.61 3.49 3.14
14 4.17 4.04 3.83 3.40
15 4.47 4.27 4.01 3.53
16 4.65 4.69 4.81 4.83
17 6.37 6.43 6.59 6.63
18 5.84 5.66 5.65 5.56
19 5.78 5.29 4.52 3.50
20 3.45 3.39 3.31 3.09
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APPENDIX If
A 11.1 INTRODUCTION
The erosion rig iilustrated schematically in Figure 5.4 was initially intended for 
use with all types of erodent, up to temperatures of 1000 '’C. The variable speed 
screw feed system was designed to feed the erodent into the quartz tube, at a 
constant flux, and onto the specimen. A number of problems have been observed 
with this apparatus and these are highlighted in this appendix. As a direct result of 
these problems this erosion rig has been used solely for elevated temperature tests, 
and the apparatus illustrated schematically in Figure 5.1 has been used for the bulk 
of the erosion tests.
A 11.2 PROBLEMS
A 11.2.1 The first problems to be noticed were associated with the erodent feed 
system. The sand was sucked into the gas stream at the junction with the screw feed. 
This occurred until no more erodent remained at this area, at which point the screw 
feed took over. This resulted in two different fluxes during the same test, about 4/5 
of the erodent passed through in 10 minutes while the remaining erodent passed 
through in 16 minutes. This problem was accentuated when nozzles of less than 5 
mm in diameter were used. For example, with a quartz tube with a nozzle diameter 
of 2 mm, a similar amount of erodent, if allowed to, would have passed through in 
about 6 hours. The problem was assumed to have been due to the build up of a 
back pressure at the screw feed-gas stream junction. This back pressure forced some 
of the gas to enter the pipe leading to the screw feed and hopper thus stopping the 
sand from entering the quartz tube. This was rectified by placing a plastic tube at the 
junction of the screw feed and the gas stream, thus relieving the back pressure. 
However, It was decided that, after these problems, only the 5 mm nozzle diameter 
quartz tubes would be used.
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A 11.2.2 The ASTM standard G76-83 states that the gas inlet should be below the 
hopper, and that the erodent should fall into the gas stream and then be accelerated 
towards the target. However in the present system the erodent is sucked into the gas 
stream with no real control over the flux. Therefore adaptions to the rig were 
proposed in order to be able to control the erodent deposition rate using the screw 
feed. The new system was designed to enable the erosion rig to be in three ways (i) 
the same gas feed system as before could be used, (ii) the gas could be fed into an 
inlet below the hopper (ASTM type), or (ill) with both inlets open at the same time the 
could be fed to both the hopper and to below the hopper at the same time. This 
adaption to the erosion rig was designed so that the screw feed could be used to 
control the flux. However, it was found that the maximum speed of the screw feed 
was so slow that the time needed to perform a valid number of tests would be 
unreasonable. It was therefore decided to use the 5 mm diameter tube with the 
plastic pressure release pipe in place, and to run the test until the screw feed was just 
about to take control (a line was marked on the inside wail of the hopper). Therefore 
with this set up the rate at which the erodent was sucked into the gas stream was 
considered to be the flux. This residual amount of erodent was kept constant 
throughout. In this way a constant flux was maintained for all tests.
A 11.2.3 The particle velocity, as explained in Chapter 2, is one of the most important 
parameters associated with erosion process. A number of probiems associated with 
velocity were encountered. No method was available for the measurement of erodent 
particle velocity. However, the gas stream velocity could be measured using a Pitot 
tube, and while it is acknowledged that the particle velocity is possibly not the same 
as the gas stream velocity, this did seem a reasonable step to take. For the purpose 
of the experiments presented in this thesis, knowledge of the exact particle velocity 
is not a necessity, since no specific experiments of erosion rate versus particle 
velocity have been performed. For all tests performed with this erosion rig the gas
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pressure was kept constant. A further problem was that the gas velocity varied with 
changing nozzle diameter. Thus, this reinforced the idea of keeping the nozzle 
diameter at 5 mm and not utilizing the other sizes available. All the experiments using 
this rig were performed while maintaining a constant pressure of 8 pounds per square 
inch on the gas inlet gauge, corresponding to a gas velocity of 70 m s"^  at the exit 
nozzle.
A n.2.4 As described in section S.4.4.2 the next problem encountered was the 
interaction of the SIC erodent with the inside of the quartz tube with the result in a 
reduction in the erosion rate. The more a tube was used, the greater the scatter in 
erosion results. In room temperature tests the tube was replaced regularly, while for 
high temperature tests the each tube was used only for a series of tests performed 
at one temperature.
A 11.2.5 The high temperature erosion rig could only be run at temperature for a 
maximum of 4 hours, thus restricting the duration of the tests. This was due to 
overheating of the gas extractor system. Also, since the main furnace was so large, 
the thermal mass was such that the heating rate was very slow. Often the pre-heater 
furnace reached temperatures as high as 200 °C above the main furnace. Great care 
had to be taken not to create too large a difference in the two furnaces as the quartz 
tube may have been adversely affected.
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